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ABSTRACT
The adult nervous system is plastic and undergoes activity dependent 
alterations, which are essential for behaviors such as learning and memory. 
Paramount to plasticity is the expeditious insertion and removal of synaptic 
receptors; however, the molecular mechanism(s) that regulate the abundance of 
receptors at synapses are poorly understood. Recently, we identified a Wnt 
signaling pathway that increases neurotransmitter receptor levels by specifically 
augmenting the translocation of one class of acetylcholine receptors (AChRs) at 
adult synapses. We found that mutations in CWN-2 (Wnt ligand), LIN-17 
(Frizzled), CAM-1 (Ror receptor tyrosine kinase), or DSH-1 (disheveled) result in 
similar subsynaptic accumulations of the a7 AChR homolog ACR-16 in C. 
elegans. Secondary to accumulation of ACR-16 receptors in subsynaptic 
membranes is a consequent reduction in synaptic current, and anticipated 
behavioral defects. Interestingly, perturbation of Wnt signaling results in 
decreased surface expression and mobility of ACR-16/a7 at synapses. Transient 
expression and genetic experiments revealed that novel LIN-17/CAM-1 
heteromeric receptors regulate ACR-16/a7 translocation to synapses. Using an 
optogenetic nerve stimulation paradigm, we demonstrate that increased neural 
activity induces plastic changes in ACR-16/a7 receptor localization and current,
and that plasticity is dependent on Wnt signaling. We are currently assessing 
which subsynaptic membrane pools contribute to ACR-16/a7 translocation in 
response to increased synaptic activity, and if SNARE complexes regulate this 
process. We hypothesize that our findings will have direct relevance to ongoing 
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The elemental role of the nervous system is to process sensory input from 
the surrounding environment and engender an appropriate behavioral response. 
This function is performed by a complex network of billions of neurons that send 
and receive information through trillions of connections. For neural 
communication to occur efficiently, neural circuits must form the appropriate 
connections to process sensory input and generate the desired behavioral 
response in a timely manner. Therefore, In order to understand how neurons 
process information and generate behavior, it is essential to elucidate the 
molecular and cellular mechanisms that regulate neurotransmission.
Neurons send and receive information through specialized points of 
contact called synapses (Sudhof, 2004). At the synapse, small signaling 
molecules called neurotransmitters are released from the membrane of 
presynaptic neurons, where they diffuse through the synaptic cleft (the space 
between synapses), and then bind to and activate neurotransmitter receptors on 
the postsynaptic membrane (Figure 1.1). At presynaptic release sites,
neurotransmitters are packaged into membrane-bound vesicles (synaptic 
vesicles) that are docked and primed for release (exocytosis) at the active zone 
of the release terminal. Exocytosis of vesicles is performed by SNARE (soluble 
NSF attachment protein receptor) complexes that release neurotransmitter by 
facilitating fusion of synaptic vesicles with the presynaptic membrane of the 
active zone (Sollner et al., 1993; Broadie et al., 1995; Risselada and Grubmuller, 
2012). Vesicle fusion is initiated upon Ca2+ influx into the release terminal, which 
occurs when voltage-gated Ca2+ channels are activated following depolarization 
of the presynaptic neuron via invasion of an action potential (AP). An AP is a fast, 
transient rise in the membrane potential (voltage) of a neuron caused by the 
activation of voltage-gated ion channels in the axon initial segment. APs 
propagate in a unidirectional manner down the length of the axon where they 
terminate at the presynaptic release terminal facilitating neurotransmitter release 
(Figure 1.1). Binding of neurotransmitter to its respective receptor initiates a 
downstream signaling cascade that is specific to the type of neurotransmitter 
released (Sudhof, 2004).
There are two distinct classes of neurotransmitter receptors in the 
membrane of postsynaptic cells -  metabotropic and ionotropic (Kew and Kemp,
2005). Metabotropic receptors are seven-pass G-protein-coupled receptors that 
signal through diverse second messenger pathways in cells. Ionotropic receptors 
are composed of several protein subunits that combine to form either a 
homomeric or heteromeric channel that contains an ion pore. Binding of the 
cognate ligand to the ionotropic receptor gates open the pore allowing ions to
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traverse the cell membrane, causing a change in the membrane potential of the 
cell. Ion channels permeable to cations (Na+, K* Ca2+) depolarize the cell 
membrane causing excitation, and channels permeable to anions (Cl-) 
hyperpolarize the cell and are inhibitory. Acetylcholine (ACh) is an excitatory 
neurotransmitter that controls a broad range of neuronal functions by activating a 
diverse set of ionotropic and metabotropic acetylcholine receptors (Gotti and 
Clementi, 2004; Gotti et al., 2006).
Acetylcholine receptors 
Ionotropic nicotinic acetylcholine receptors (nAChRs) are pentameric 
ligand-gated cation channels that belong to the superfamily family of Cys-loop 
receptors. The individual receptor subunits have several conserved domains: a 
large extracellular loop; four transmembrane domains: M1, M2, M3, M4; a large 
intracellular loop between domains M3 and M4; and an extracellular C-terminus. 
The M2 domain of the five subunits contains a hydrophobic leucine residue that 
forms the pore of the ion channel (Gotti and Clementi, 2004; Gotti et al., 2006) 
(Figure 1.2).
nAChRs have three functional states: resting, active and desensitized. In 
the resting state, nAChRs are not bound to ACh and the diameter of the ion pore 
is 6 A, making it impermeable to all hydrated mono- and divalent cations. When 
ACh binds to the nAChR, the receptor becomes active and the size of the ion 
pore increases to 9A, allowing the cations Na+, K+, and Ca2+ to readily move 
through the open pore. In the desensitized state, the receptor is still bound to
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ACh but the ion pore is closed and impermeable to cations. The duration and 
recovery from desensitization is dependent on the concentration of ACh to which 
the receptor is exposed to and the combination of subunits that make up the 
nAChR (Gotti and Clementi, 2004; Jensen et al., 2005; Gotti et al., 2006).
In vertebrates, there are 17 nAChR subunits composed of ten a (a1-a10), 
four p (pi-4), and one y, 5, and £. nAChR subunits form both homomeric and 
heteromeric channels depending on subunit type. Homomeric channels are 
composed of five a subunits, and ACh binds at the N-terminal interface between 
two adjacent a subunits (Figure 1.2). a7-a9 subunits form homomeric channels; 
however, only a7 is expressed in the central nervous system (CNS). Heteromeric 
channels have at least two a subunits in combination with various non-a subunits 
(P, y, 5, and £). ACh usually binds at the N-terminal interface between a and p, 
except in muscle nAChRs where ACh binds at the interface between a1-Y and 
a1-5 (Figure 1.2). Of these receptor subunits, a2-a6, a10, and p2-p4 are 
expressed in neurons and various tissue types, while a1, p1, y, 5, and £ are 
expressed in muscle. In brain, the most abundant nAChR subunits are a4, a7, 
and p2 (Gotti and Clementi, 2004; Jensen et al., 2005; Gotti et al., 2006).
Heteromeric a4p2 nAChRs are the major nAChR found in brain. a4p2 
nAChRs are characterized by insensitivity to a-bungarotoxin and have high 
affinity for ACh. In brain, a4p2 nAChRs are localized to presynaptic terminals 
where they modulate the strength of synaptic signaling by altering the release of 
multiple classes of neurotransmitters -  dopamine, Y-aminobutyric acid (GABA), 
noradrenalin (NA) and ACh (Jensen et al., 2005; Gotti et al., 2006). a7-a9
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nAChR subunits form homomeric nAChRs and are characterized by a- 
bungarotoxin sensitivity, low affinity for ACh, and high permeability to Ca2+. The 
a7 nAChR is the main homomeric channel in brain, and is present in the 
hippocampus, cortex and subcortical limbic regions -  areas important for learning 
and memory. a7 receptors are enriched in presynaptic terminals where they 
augment synaptic transmission via increasing Ca2+ influx into presynaptic release 
sites. Interestingly, a7 nAChRs have an essential role in augmenting synaptic 
transmission of glutamatergic synapses (Gotti and Clementi, 2004; Jensen et al., 
2005; Gotti et al., 2006).
Glutamate (Glu) is the major excitatory neurotransmitter in brain (Brockie 
and Maricq, 2010). lonotropic glutamate receptors (iGluR) are expressed 
throughout the nervous system and are concentrated in the hippocampus. iGluRs 
are required for the cellular models of synaptic plasticity known as long-term 
potentiation (LTP) and long-term depression (LTD) (Song and Huganir, 2002). 
Perturbations in hippocampal glutamatergic signaling prevent induction of LTP 
and LTD, leading to defects in learning and memory. Interestingly, a7 nAChRs 
are present in hippocampal neurons and cluster at presynaptic release sites 
where they augment the strength of glutamatergic neurotransmission (Gotti et al.,
2006). Recent studies in mouse hippocampus have shown that presynaptic a7 
nAChRs are required for synaptic plasticity in hippocampal Schaffer Collateral 
(SC) to CA1 synapses (Gu and Yakel, 2011). SC/CA1 synaptic plasticity was 
obviated when a7 nAChRs were pharmacologically blocked, and neural 
stimulation of a7 knockout mice fails to induce plasticity in SC/CA1 synapses.
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Also, soluble oligomeric p-amyloid (Ap) blocked a7-dependent SC/CA1 plasticity, 
suggesting that a7 nAChRs have a role in Alzheimer’s disease pathology.
Dysfunction of nAChR signaling is implicated in numerous neurological 
disorders and diseases (Gotti et al., 2006). Nicotine is a selective agonist for 
nAChRs and chronic exposure to nicotine results in addiction. Binding of nicotine 
to nAChRs results in receptor desensitization and augmented levels of nAChRs 
at synapses. In behavioral studies, wild-type mice readily self-administer nicotine, 
and a4p2 nAChRs are increased in many brain regions following chronic nicotine 
exposure (Gotti and Clementi, 2004; Gotti et al., 2006). The role that a4p2 
nAChRs have in nicotine addiction is further demonstrated by studies showing 
that p2 knockout mice fail to self-administer nicotine (Picciotto et al. 1998). These 
results support a model where functional alterations in synaptic a4p2 nAChRs 
leads to addiction. Recent studies demonstrate that synaptic levels of nAChRs 
are tightly regulated in brain and that deviations in nAChR surface expression 
may contribute to disease pathology. For example, individuals afflicted with 
schizophrenia were found to have decreased levels of synaptic a7 nAChRs in 
hippocampus, thalamus and prefrontal cortex. Loss of synaptic a7 nAChRs has 
also been associated with Alzheimer’s and Parkinson disease (Gotti et al., 2006).
Despite the extensive role nAChRs have in neuronal function and disease 
pathology, little is known about the genetic pathway(s) that localize and maintain 
nAChRs at synapses. How are nAChRs trafficked and targeted to synapses and 
what signaling mechanisms regulate synaptic levels of nAChRs? Unfortunately, 
limitations in synaptic accessibility and neuronal complexity have hindered
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studies aimed at elucidating the signaling mechanism(s) that regulate nAChRs in 
neurons. To address these questions, extensive studies were undertaken to 
elucidate signaling mechanisms that regulate nAChRs at the neuromuscular 
junction (NMJ).
The neuromuscular junction 
The NMJ is a model synapse that is used to elucidate the cellular 
mechanisms that regulate nAChRs at synapses. At the NMJ, cholinergic motor 
neurons (MNs) , that emanate from the ventral horn or medulla of the spinal cord, 
innervate postsynaptic muscle cells and regulate muscle contraction (Ruff, 2003). 
Depolarization of MNs elicits ACh release, which then diffuses through the 
synaptic cleft and binds to nAChRs on the surface of postsynaptic muscle cells. 
The surface of the postsynaptic muscle -  which is juxtaposed to the MN release 
terminal -  contains deep membrane invaginations that have a high concentration 
of nAChRs at the shoulders of the invaginations. Within the folds of the 
invaginations are high concentrations of voltage-gated Na+ channels. Cation 
influx through nAChRs, following release of ACh from the MN, activates voltage- 
gated Na+ channels resulting in muscle contraction. nAChRs in muscle are 
composed of a1, p1, y, 5, and £ subunits that form a heteromeric ionotropic 
receptor (Gotti and Clementi, 2004; Jensen et al., 2005) (Figure 1.2). In fetal 
muscle, the £ subunit is a component in the nAChR until innervation occurs 
resulting in the £ subunit being replaced by y. Mature nAChRs are clustered at
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the NMJ by a vast postsynaptic scaffolding complex that is organized by nerve- 
derived signaling molecules.
At nascent NMJs, invading MNs release two essential nerve-derived 
factors -  neuregulin and agrin -  that regulate formation and maintenance of the 
NMJ. Neuregulin activates ErbB (receptor tyrosine kinase) receptors that are 
localized to the postsynaptic muscle membrane (III and Burden, 1995; Moscoso 
et al., 1995). Activated ErbB receptors induce expression of nAChRs and other 
postsynaptic components in muscle. Agrin is a heparin-sulphate proteoglycan 
that initiates clustering of nAChRs at the NMJ (Gautam et al., 1996). Both MNs 
and muscle express various splice variants of agrin; however, the nerve-derived 
z-agrin isoform is far more efficacious in clustering nAChRs than muscle-derived 
agrin (Ferns et al., 1993). Application of z-agrin induces robust clustering of 
nAChRs in myotubes, and agrin mutant mice have defects in nAChRs clustering 
and localization of scaffolding proteins (Ferns et al., 1993; Gesemann et al.,
1995; Gautam et al., 1996). Agrin regulates nAChRs clustering by inducing 
tyrosine phosphorylation of muscle-specific tyrosine kinase (MuSK).
MuSK is required for nAChRs surface expression and clustering, and 
recruits various scaffold and signaling proteins that are necessary for stabilizing 
and maintaining nAChRs at the NMJ (DeChiara et al., 1996; Glass et al., 1996). 
Dystroglycan is a dimer of a and p subunits that links the extracellular matrix with 
the cytoskeleton. The a subunit binds the extracellular matrix protein, laminin, 
and the p subunit binds the scaffolding protein, utrophin. Utrophin binds to F- 
actin and this association stabilizes the dystroglycan complex with the
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cytoskeleton. In muscle, MuSK activates Src and Abl kinases that promote 
phosphorylation of the nAChR p-subunit (Mittaud et al., 2004; Ghazanfari et al., 
2011). Rapsyn -  an adaptor protein -  binds the phosphorylated nAChR p-subunit 
and the p subunit of dystroglycan (Apel et al., 1995; Korkut and Budnik, 2009). 
The rapsyn-dystroglycan association anchors nAChRs to the cytoskeleton in 
muscle. This model is supported by studies in MuSK and rapsyn mutant mice 
where nAChRs fail to cluster and scaffolding proteins do not localize to the NMJ 
(Gautam et al., 1995; DeChiara et al., 1996).
Clustering of nAChRs at the NMJ is dependent on the small GTPases,
Rac and Rho(Cdc42). Application of agrin onto muscle stimulates Rac and 
Cdc42 GTPase activity, and dominant negative forms of Rac and Cdc42 inhibit 
nAChRs aggregation (Weston et al., 2000). Agrin activation of MuSK actuates 
p21-activated kinase (PAK1) in muscle. PAK1-dependent clustering of nAChRs 
is dependent on Rac and Cdc42 signaling, which suggests that PAK1 functions 
downstream to of MuSK to localize nAChRs at the NMJ (Luo et al., 2002). The 
signaling mechanisms that regulate Rac and Cdc42 function are not well known.
Agrin induces tyrosine phosphorylation of MuSK; however, agrin does not 
directly bind to MuSK, suggesting that MuSK interacts with a co-receptor(s) at 
the NMJ (Glass et al., 1996). Recent studies in mice identified low-density 
lipoprotein receptor related protein 4 (LRP4) as the target of agrin at the NMJ 
(Zhang et al., 2008, 2009). Activated LRP4 binds to MuSK and induces tyrosine 
phosphorylation of the LRP4/MuSK complex. Suppression of LRP4 expression in 
muscle diminishes nAChRs clustering, NMJ maturation, and agrin-induced
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phosphorylation of MuSK. The ligand for MuSK remained unknown until it was 
recently discovered that members of the Wnt signaling family interact with MuSK.
Wnt signaling
Wnts (an acronym from Drosophila wingless and Mus Inti) are small- 
secreted glycoproteins that control a broad range of cellular and developmental 
processes such as cell polarity, cellular differentiation and migration, and 
synaptogenesis (Speese and Budnik, 2007; Zhang et al., 2009; van Amerongen 
and Nusse, 2009). The mechanisms whereby Wnts regulate these cellular 
processes are incredibly diverse and are complicated by the large number of Wnt 
genes -  seven in flies, five in worms, and 19 in both mice and humans. Wnt 
signaling is further convoluted by the presence of multiple classes of Wnt 
receptors (Speese and Budnik, 2007). Typical Wnt receptors are seven-pass 
transmembrane proteins known as Frizzled (Fzd), and can form receptor 
complexes with members of the LRP family. The hallmark of Fzd receptors is the 
presence of a Wnt-binding cysteine-rich domain (CRD) in the extracellular region 
of the protein. Atypical receptors consist of Ror receptor tyrosine kinases (RTK) 
and related to receptor tyrosine kinase (RYK), both of which can associate with 
other receptor types to regulate Wnt signaling (Green et al., 2008; van 
Amerongen and Nusse, 2009; Park and Shen, 2012).
In canonical Wnt signaling, Wnt binds to a receptor complex consisting of 
Fzd and LRP5/6. The Wnt-bound receptor complex activates the phosphoprotein 
disheveled (Dvl), which inhibits the p-catenin (cadherin-associated protein p)
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destruction complex. This complex consists of adenomatous polyposis coil 
(APC), Axin, and GSK3p. In the absence of Wnt signaling, p-catenin is 
phosphorylated by the destruction complex and targeted for destruction by the 
proteasome. When Wnt signaling is active, the destruction complex is inhibited 
by Dvl leading to p-catenin’s translocation to the nucleus where it interacts with 
the LEF/TCF transcription factor and augments transcription of target gene 
products (Speese and Budnik, 2007).
Many cells form polarized structures -  epithelia tissue and sterocilia -  in 
order to perform their necessary functions. Wnts regulate cell polarity through a 
pathway known as planar cell polarity (PCP). In the PCP pathway, Wnt binds to 
its respective Fzd receptor and actuates Dvl. Dvl activates Rho and Rac, which 
interact with JUN N-terminal kinase (JNK) to alter the cytoskeletal structure and 
cell polarity (Speese and Budnik, 2007; Korkut and Budnik, 2009).
Ca2+ is essential for numerous second messenger signaling pathways in 
cells, and Wnts regulate Ca2+ signaling to control cell fate and migration. In the 
Wnt Ca2+ pathway, Wnts bind to Fzd receptors, which activate Dvl leading to 
augmented levels of intracellular Ca2+. A rise in intracellular Ca2+ prevents 
autoinhibition of calcium/camodulin-dependent protein kinase II (CaMKII), 
resulting in nuclear import of the transcription factor nuclear-factor of activated T 
cells (NFAT). Regulation of gene transcription via the Wnt Ca2+ pathway is also 
controlled through protein kinase C (PKC) signaling (Speese and Budnik, 2007; 
Korkut and Budnik, 2009).
Atypical Wnt signaling pathways mediated by Ror RTKs and Ryk are less 
characterized than the classic Wnt signaling pathways described above. Ror 
RTKs are highly conserved throughout the animal kingdom and are identified 
based on the presence of several conserved protein domains: an extracellular 
immunoglobulin domain (IG), CRD, Kringle domain (KR), intracellular tyrosine 
kinase domain (TK), serine/threonine-rich domain (S/TRD) and a proline-rich 
domain (PRD) (Green et al., 2008; Park and Shen, 2012). Several studies have 
demonstrated that Rors have a conserved role in mediating Wnt signaling in 
order to regulate a diverse number of cellular processes. Ror RTKs are 
expressed in many tissue types and are required for normal brain development, 
cellular proliferation and differentiation, angiogenesis and synaptogenesis (Green 
et al., 2008; Minami et al., 2010; Paganoni et al., 2010). Ror RTKs direct these 
cellular processes by regulating cell migration and polarity. Studies in Xenopus 
observed that loss of Ror signaling resulted in mediolateral orientation defects in 
polarized mesodermal cells. Instability of polarized cell structures were also 
observed in cells from Keller open face explants when Ror signaling was 
disrupted (Schambony and Wedlich, 2007). In C. elegans, Ror signaling 
regulates neural cell migration and cellular proliferation (Green et al., 2008; Park 
and Shen, 2012). In mice, loss of Ror1 or Ror2 results in dwarfism, facial 
abnormalities, limb growth defects and death (Oishi et al., 2003; Minami et al.,
2010). Interestingly, the expression pattern of Ror2 is similar to that of Wnt5a in 
mice, and Ror2 mutant defects are similar to those observed in Wnt5a mutants. 
The presence of the CRD in Rors indicates that Ror RTKs interact with Wnts.
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This is further supported by studies showing that WNT5a initiates polarized cell 
migration in mouse embryonic fibroblasts (MEFs) (Nishita et al., 2006). Inhibition 
of Ror2 function prevents MEFs from undergoing polarized cell migration in 
response to Wnt5a. Further studies revealed that the CRD present in Ror2 is 
required for binding to Wnt5a. Also, it was discovered that the CRD in Ror2 
interacts with the putative Wnt5a receptor Fzd2 (frizzled-2) (Oishi et al., 2003). 
Experiments showing that Wnts associate with the CRD in Ror RTKs, suggest 
that other classes of CRD containing tyrosine kinases might also interact with 
Wnts. MuSK contains a CRD and recent experiments in zebrafish, mice, and C. 
elegans indicate that Wnts regulate the development and function of the NMJ 
(Kim et al., 2003; Francis et al., 2005; Henriquez et al., 2008; Jing et al., 2009).
Wnt signaling regulates development and function of the NMJ 
At the NMJ, Wnt signaling molecules have fundamental roles in promoting 
surface expression and clustering of nAChRs. Studies in mice demonstrate that 
Dvl is required for localization of nAChRs in muscle. Dvl was found to bind MuSK 
and PAK1, and perturbations in this association inhibited Agrin-induced 
clustering of nAChRs. Coupling of MuSK to PAK1 by Dvl, suggests that PCP 
signaling may be involved in clustering nAChRs via activation of Rac and Cdc42 
(Luo et al., 2002). At the NMJ, APC co-localizes with nAChRs and Agrin fails to 
cluster nAChRs in muscle where ACP function is inhibited. APC has been shown 
to bind to the p-subunit of nAChRs, p-catenin, and the microtubule end binding 
protein EB1 (Wang et al., 2003; Korkut and Budnik, 2009). Thus, APC is
13
predicted to serve as an anchoring protein linking nAChRs to scaffolding proteins 
and the cytoskeleton. Also, p-catenin interacts with rapsyn and nAChRs, 
suggesting a model where intracellular Wnt signaling molecules aid in coupling 
nAChRs to the cytoskeleton via a noncanonical signaling pathway (Zhang et al., 
2007).
Wnts have also been show to regulate the formation and function of the 
NMJ. Application of Wnt1 in cultured myotubes does not affect nAChR clustering 
in muscle, but does augment expression of MuSK (Kim et al., 2003). In cultured 
muscle cells, Wnt3 increases the size and number of nAChR clusters when in the 
presence of agrin (Henriquez et al., 2008). Recent studies in zebrafish 
demonstrated that Wnts signal through MuSK to regulate MN axon guidance and 
patterning of nAChRs at the NMJ (Jing et al., 2009). In MuSK mutants, nAChRs 
fail to localize properly and MN growth cones do not migrate to their intended 
targets. Knockdown of w n tllr  results in synaptic defects similar to those found in 
zebrafish MuSK mutants. In vitro experiments showed that w n tllr  directly binds 
to the CRD in MuSK, and attenuation of Dvl signaling in zebrafish lead to 
nAChRs patterning defects homologous to those observed in w n tllr  knockdown. 
These experiments support a model where Wnt binds to MuSK and directs MN 
growth cones and nAChRs in a Dvl dependent manner.
Elegant experiments in D. melanogaster have demonstrated that Wnts 
have essential roles in regulating synaptic function and plasticity. The Drosophila 
NMJ is glutamatergic, and MNs organize into presynaptic boutons that innervate 
postsynaptic muscle cells (Korkut and Budnik, 2009). At the Drosophila NMJ, the
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Wnt ligand Wingless (Wg) is secreted from MNs and accumulates at both pre- 
and post-synaptic terminals (Packard et al., 2002). Wg binds to the Frizzled-2 
receptor in postsynaptic muscle resulting in cleavage of the Frizzled-2 
intracellular region (Mathew et al., 2005; Ataman et al., 2008; Mosca and 
Schwarz, 2010). Cleaved Frizzled-2 then associates with GRIP (7-PDZ-domain 
glutamate-receptor interacting protein) and is imported into the nucleus. In the 
nucleus, cleaved Frizzled-2 localizes to chromatin where it likely alters target 
gene transcription (Korkut et al., 2009; Speese et al., 2012). The frizzled nuclear 
import pathway promotes synaptic formation, growth, and recruitment of iGluRs 
to the NMJ. In Drosophila, increased synaptic activity augments bouton formation 
and leads to an increase in neurotransmitter release and Wg secretion (Ataman 
et al., 2008). Nuclear levels of cleaved Frizzled-2 also increase after synaptic 
stimulation. Synaptic plasticity at the NMJ is dependent on Wg signaling, based 
on observations that bouton size and number do not increase following synaptic 
stimulation in heterozygous Wg mutants (Ataman et al., 2008). Thus, Wnt 
signaling has a conserved role in regulating formation, function, and plasticity of 
the NMJ.
Wnts regulate synaptic function in neurons 
Wnt signaling has an extensive role in regulating NMJ development and 
function, but the capacity of Wnts to mediate transmission at neuronal synapses 
is just beginning to emerge. In rat hippocampal neurons, application of Wnt7a 
induces clustering of the presynaptic proteins synaptophysin, SV2, and
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synaptotagmin. Electrophysiological studies in hippocampal slices showed that 
Wnt7a decreased paired-pulse facilitation and increased the frequency of 
miniature excitatory postsynaptic currents (Cerpa et al., 2008). Following studies 
revealed that inhibition of frizzled-5 (Fzd5) blocks Wnt7a dependent increases in 
synaptic transmission (Sahores et al., 2010), further supporting Wnt7a’s role in 
promoting synaptic transmission. Recent studies have shown that Wnt7a 
regulates hippocampal synaptic transmission in a bidirectional manner via the 
Wnt Ca2+ signaling pathway. Wnt7a augments excitatory synaptic transmission 
by increasing dendritic spine growth, the density of both pre- and postsynaptic 
markers, and the frequency and size of mEPSC at hippocampal synapses. 
Overexpression of Dvl augmented dendritic spine size and inhibition of Dvl 
precluded all Wnt7a-dependent changes in hippocampal transmission.
Application of Wnt7a leads to a concomitant activation of CaMKII in dendritic 
spines, and inhibition of CaMKII signaling prevents Wnt7a-dependent changes in 
spine morphology (Ciani et al., 2011). Thus, Wnt7a has an essential role in 
regulating excitatory synaptic transmission in hippocampal neurons.
Recent experiments observed that Wnt5a, along with Wnt7a, regulates 
excitatory synaptic transmission in hippocampal neurons. Application of Wnt5a to 
hippocampal neurons induced rapid insertion of N-methyl-D-aspartate receptors 
(NMDAR, a subclass of iGluRs) at synapses. Augmentation of NMDAR-mediated 
current is dependent on Ca2+, JNK, and PKC signaling in neurons (Cerpa et al.,
2011). The role of Wnt5a in the hippocampus is not confined to regulating 
excitatory synaptic transmission. GABA is an inhibitory neurotransmitter that acts
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on GABAa receptors (GABAaR) -  pentameric ligand gated Cl- channels -  to 
hyperpolarize neurons. Wnt5a engenders rapid translocation of GABAARs from 
subsynaptic pools to synapses, leading to an increase in inhibitory postsynaptic 
currents in hippocampal slices. Inhibition of CaMKII blocked Wnt5a dependent 
GABAARs insertion at synapses (Cuitino et al., 2010).
Previous studies demonstrated that Wnt7a induces the disassociation of 
APC from the p-catenin destruction complex in hippocampal neurons. APC then 
localizes to the membrane of presynaptic terminals where it co-localizes with 
presynaptic release proteins. Wnt7a instigates clustering of a7 nAChRs in 
hippocampal neurons, which co-localize with APC at synaptic terminals (Farias,
2007). Recently, a7 nAChRs were shown to be required for synaptic plasticity at 
SC to CA1 hippocampal synapses. Do Wnts regulate a7 nAChR surface 
expression and clustering at adult hippocampal synapses? If so, does Wnt 
signaling regulate a7 nAChRs mediated LTP? Also, what is the molecular 
mechanism(s) that control a7 nAChR synaptic expression? Elucidating the 
cellular and molecular pathways that modulate a7 nAChRs at synapses will give 
fundamental insight into how synaptic function and plasticity is regulated in brain, 
which will ultimately lead to new therapeutic and diagnostic modalities for many 
neurological diseases and disorders. However, addressing these fundamental 
questions in adult vertebrate animals is impeded by the fact that many loss-of- 
function Wnt signaling mutations are lethal. Thus, the role of Wnt signaling in 
regulating synaptic function in adult animals has remained illusive. Therefore, in 
order to elucidate the function of Wnt signaling at adult synapses we are using
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the model organism Caenorhabditis elegans.
Caenorhabditis elegans
C. elegans is a soil nematode well suited for explicating the cellular and 
molecular mechanisms that regulate synaptic function in adult animals (Francis 
et al., 2003). It is a relatively small organism comprised of approximately 1000 
cells for which the genome has been fully sequenced. Adult worms are 
transparent, allowing for fluorescently labeled proteins to be easily imaged in live 
animals (Jorgensen and Mango, 2002a; Duerr et al., 2008). The life cycle of C. 
elegans is approximately four days at 20°C, and the hermaphroditic worms self- 
fertilize and generate a typical brood size of 300 progeny. The ability of C. 
elegans to self-fertilize is an immense advantage in facilitating genetic studies 
because recessive homozygous mutations can be readily isolated, even if the 
mutant of interest cannot move or mate. Hermaphroditic worms also have the 
ability to mate with males allowing for genetic mapping experiments to be 
conducted to isolate informative mutants (Jorgensen and Mango, 2002a). Most 
importantly, C. elegans can survive the elimination of genes fundamental to the 
function of the nervous system, which are invariably fatal in vertebrate model 
organisms (Francis et al., 2005; Park and Shen, 2012).
There are many powerful genetic tools that are used in C. elegans to 
generate transgenic strains and mutant alleles to study gene function. 
Transgenic strains are obtained by injecting DNA into the syncytial gonad of the 
worm. Mutant alleles are generated by exposing worms to chemical mutagens,
X-rays, or activated transposon and then screening for mutations in a desired 
gene product (Jorgensen and Mango, 2002b). Also, reagents for generating 
single-copy gene insertions and targeted gene deletions are readily available 
(Fr0kjaer-Jensen et al., 2008; Fr0kj®r-jensen et al., 2010). Small interfering RNA 
(RNAi) is a powerful genetic tool to knockdown transcription of target gene 
products. For the worm, RNAi is targeted to a gene of interest by feeding worms 
bacteria that express a fragment of double stranded RNA (dsRNA) homologous 
to a given gene. When dsRNA enters the cell it is cleaved into small interfering 
RNAs (siRNAs). These siRNAs bind to their respective mRNA targets causing 
the mRNA to be degraded (Kamath et al., 2001; Mello and Conte, 2004). dsRNA 
is also used for tissue specific knockdown of a target gene of interest. This 
technique is achieved by generating transgenic worms that co-express a sense 
and antisense coding sequence driven under a tissue specific promoter (Esposito 
et al., 2007).
The C. elegans nervous system has many attributes that make it 
amenable for neurobiological studies. The circuitry of the hermaphroditic nervous 
system is well characterized, and is composed of 302 neurons for which the 
neuronal connectivity has been reconstructed from electron microscopic analysis 
(White et al., 1986). The nervous system consists of several identifiable head 
and tail ganglia that send out axons that run longitudinally along the ventral nerve 
cord (VNC). Many motor neuron cell bodies are contained within the cord and 
control muscle contraction. The cholinergic and GABAergic nervous systems 
work synergistically with command interneurons to control body wall muscle
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contraction and sinusoidal movement (White et al., 1986; McIntire et al., 1993; 
Duerr et al., 2008). Approximately 120 of the 302 neurons in C. elegans are 
cholinergic; furthermore, the majority of cholinergic nerve cells are MNs. In the 
worm, cholinergic MNs are categorized into the following classes -  VNC MNs:
AS, VA, VB, VC, AS, DA, DB; sublateral MNs: SMD, SAB, SIB, SIA, SMB, and 
SAA; and pharyngeal MNs: MC, M2, M1, M4, and M5 (White et al., 1986; Duerr 
et al., 2001, 2008). GABAergic neurons comprise 26 of the 302 neurons in 
worms, and are organized into the following classes -  VNC MNs: 13 VD, 6 DD; 
MNs: 4 RME; MNs: AVL and DVB; and interneuron: RIS (White et al., 1986; 
McIntire et al., 1993). Cholinergic and GABAergic MNs innervate BWM cells at 
the NMJ to regulate muscle contraction.
We are interested in elucidating the molecular mechanism(s) that regulate 
synaptic transmission. Specifically, we want to explicate the molecular 
pathway(s) that localize and regulate nAChRs at adult synapses. To address 
these fundamental questions, we are taking advantage of powerful genetic and 
electrophysiological techniques in worms to study synaptic function at the C. 
elegans NMJ.
The C. elegans NMJ 
The C. elegans NMJ has many advantages that make it a model synapse 
for the study of neural function. The NMJ is easily accessible for 
electrophysiological analysis, facilitating studies of ligand-gated currents in 
voltage- or current-clamped muscle cells (Francis et al., 2003). The C. elegans
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NMJ shares many characteristics with neuronal synapses, including the 
presence of multiple classes of neurotransmitter receptors (Richmond and 
Jorgensen, 1999) (Figure 1.3). Also, worms are transparent, allowing for 
fluorescently labeled proteins, e.g., neurotransmitter receptors, to be imaged 
using standard microscopy techniques (Francis et al., 2005; Jensen et al., 2012).
At the C. elegans NMJ, cholinergic and GABAergic MNs innervate body 
wall muscle (BWM) cells to coordinate muscle contraction (McIntire et al., 1993; 
Duerr et al., 2008). In C. elegans, there are 95 BWM cells organized into four 
quadrants that are two cells wide and run longitudinally from head to tail (Francis 
et al., 2003; Meissner et al., 2011). Two muscle quadrants run along the ventral 
side of the animal and two quadrants run parallel along the dorsal side. The VA, 
VB, VC, and GABAergic VD MNs located in the VNC innervate ventral BWM 
cells. The VNC emanates from the nerve ring, and runs parallel in between the 
two ventral muscle quadrants terminating at the tail. The dorsal nerve cord (DNC) 
runs longitudinally along the dorsal side of the worm and innervates dorsal BWM 
cells. The AS, DA, DB and GABAergic DD MNs cell bodies lie in the VNC and 
send out commissural projections that migrate to the dorsal side of the worm and 
form the DNC. BWM cells typically send out three to four membrane extensions, 
called muscle arms (MA), which grow towards and form synapses (NMJ) with the 
VNC or DNC respectively (McIntire et al., 1993; Francis et al., 2003; Duerr et al.,
2008).
GABA is an inhibitory neurotransmitter released from VD and DD MNs at 
the NMJ in worms. unc-49 encodes a GABAR that is essential for GABA-gated
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currents in muscle (Richmond and Jorgensen, 1999). A large cationic current 
gated by ACh is present in muscle and is further divided into two receptor 
subclasses based on ligand sensitivity. One class of receptor is activated by the 
drug levamisole (L-AChRs); the other class of receptor is activated by nicotine 
(nAChRs) (Richmond and Jorgensen, 1999) (Figure 1.3). L-AChRs are 
heteromeric receptors composed of two a (unc-38 and unc-63) and three non-a 
(unc-29, lev-1, and lev-8) AChR subunits. lev-1 and lev-8 are non-essential 
subunits; null mutations in unc-38, unc-63, and unc-29 render the L-AChR non­
functional, and abolish all Lev-gated current in muscle (Fleming et al., 1997; 
Richmond and Jorgensen, 1999; Boulin et al., 2008).
At the NMJ, L-AChRs are clustered at presynaptic release sites via the 
CUB domain protein LEV-10. LEV-9 is a secreted sushi domain protein that 
works synergistically with LEV-10 to cluster L-AChRs juxtaposed presynaptic 
release sites in MAs. In lev-10 and lev-9 mutants, L-AChR surface expression is 
unaffected but L-AChRs fail to cluster juxtaposed presynaptic active zones (Gally 
et al., 2004; Gendrel et al., 2009). The function of L-AChRs and the signaling 
pathway that regulate L-AChR localization at the NMJ is well characterized; 
however, the molecular mechanisms that govern nAChRs localization at the NMJ 
are less understood.
In muscle, the majority of ACh-gated current is mediated by nAChRs. The 
nAChR is a homomeric receptor composed of five subunits encoded by the gene 
acr-16 (Francis et al., 2005; Touroutine et al., 2005). Interestingly, acr-16 is the 
homolog of the vertebrate a7 nAChR subunit. In acr-16 mutants, ACh-gated
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current is severely reduced and nicotine-gated currents are absent; however, 
Lev-gated currents are unaffected. We are interested in explicating the molecular 
mechanism(s) that are required to localize ACR-16/a7 nAChRs at synapses. 
Because many of the gene products important for synaptic transmission are 
conserved from invertebrates to vertebrates, we hypothesize that what we learn 
from our studies at the worm NMJ will have immediate relevance to ongoing 
studies in the vertebrate nervous system, and might ultimately lead to new 
insights pertaining to the molecular mechanism(s) that regulate a7 nAChRs at 
synapses.
The Ror RTK cam-1 is required for nicotinic current at the NMJ 
Previous studies in C. elegans found that the Ror RTK cam-1 is required 
for nicotinic current at the NMJ (Francis et al., 2005) (Figure 1.4). In cam-1 
mutants, both ACh- and nicotine-gated currents are reduced; however, the Lev- 
and GABA-gated currents are unaffected. CAM-1 fused to green fluorescent 
protein (CAM-1::GFP) localizes to the distal tips of MAs (NMJ), consistent with its 
role in regulating synaptic receptors. ACR-16::GFP typically localizes at the distal 
tips of MAs (NMJ) in wild type worms. In cam-1 mutants, ACR-16::GFP 
accumulates in the proximal region of MAs, presumably cumulating in sub- 
synaptic membrane pools. UNC-29::GFP and UNC-49::GFP in cam-1 mutants 
are indiscernible when compared to wild type controls, suggesting that CAM-1 
specifically regulates ACR-16 at the NMJ.
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CAM-1 is a single pass transmembrane protein that contains several 
conserved domains including an extracellular IG, CRD, KR and intracellular TK, 
and S/TRD (Francis et al., 2005; Green et al., 2008) (Figure 1.4). Surprisingly, 
ACh-gated current in muscle is rescued by expressing a truncated version of 
CAM-1 lacking the intracellular domain (CAM-1 AID) in cam-1 mutants. Based on 
the predicted CRD in CAM-1, and that expression of CAM-1 AID in muscle 
rescues ACh-gated current defects in cam-1 mutants, we hypothesize that CAM- 
1 interacts with Wnt-signaling molecules to regulate ACR-16/a7 nAChRs at the 
NMJ.
Previous experiments have shown that Ror RTKs interact with Fzd via 
their CRD to initiate various Wnt-controlled pathways. We hypothesize that CAM- 
1 localizes ACR-16 nAChRs by a kinase-independent mechanism, possibly by 
interacting with a Fzd receptor in the worm. Binding of Wnts to Fzd receptors is 
known to activate Dvl. Therefore, we predict that a CAM-1/Fzd complex binds 
Wnts and activates Dvl to regulate ACR-16 nAChRs at the NMJ. There are five 
Wnts in worms: cwn-1, cwn-1, lin-44, egl-20 and mom-2; four Fzd receptors: cfz-
2, mig-1, lin-17, and mom-5; and three Dvls: dsh-1, dsh-2, and mig-5 (Hardin and 
King, 2008; Park and Shen, 2012). In our preliminary results, we have identified 
three Wnt-signaling molecules in C. elegans that are required for ACh-gated 
current at the NMJ: CWN-2, LIN-17, and DSH-1. We hypothesize that CWN-2 
binds to and activates the CAM-1/LIN-17 co-receptor complex that signals 
through DSH-1 to translocate ACR-16 receptors from subsynaptic pools to the 
NMJ.
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Despite these initial results, several questions remain pertaining to the 
pathway that Wnt signaling utilizes to regulate ACR-16 receptors at the NMJ. 
Where are LIN-17, CWN-2, and DSH-1 expressed? In what tissue types is 
expression of LIN-17, CWN-2, and DSH-1 required to regulate ACR-16 receptors 
at synapses? Is Wnt signaling required for the development of the NMJ, or does 
Wnt signaling have an ongoing role in regulating synapses in adult animals? At 
the NMJ, is the canonical Wnt pathway required for surface expression of ACR- 
16 receptors, or are noncanonical signaling molecules utilized to regulate this 
process? To address these questions, we will use a combination of genetic, 
electrophysiology, and cell biology techniques to elucidate the molecular 




Figure 1.1. The synapse. In presynaptic neurons, an invading AP (lighting 
bolt) depolarizes the presynaptic terminal, eliciting fusion of synaptic vesicle 
with the plasma membrane and subsequent release of neurotransmitter. Once 
released, neurotransmitter diffuse through the synaptic cleft, where it binds to 
and activates neurotransmitter receptors located in the postsynaptic 
membrane. Binding of neurotransmitter to its respective ionotropic 
neurotransmitter receptor, gates open the ion pore, allowing charged ions 






Figure 1.2. Acetylcholine receptor stoichiometry and structure. (A) Various 
subunit combinations for nAChRs in muscle (top left) and neurons (top right 
and bottom). (B) Protein domain structure of a nAChR subunit. All receptors 
have a large extracellular N-terminus, four transmembrane domains (M1-M4), 
a large intracellular loop between M3 and M4, and an extracellular C-terminus.
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Figure 1.3. Neurotransmitter receptor classes at the C. elegans NMJ. (A) 
Cartoon schematic of a postsynaptic muscle arm containing L-AChRs (unc-29, 
unc-38, unc-63, lev-1, lev-8), nAChRs (acr-16), and GABARs (unc-49). (B) 
Electrophysiological recordings from voltage-clamped muscle cells in 
response to 100 ^M ACh, 100 ^M Lev, 100 ^M nicotine, and 100 ^M GABA. 
The combination of Lev- and nic- gated currents comprises the total ACh- 
gated current at the NMJ.
31
32
Figure 1.4. CAM-1 is required for nicotinic current at the NMJ. In cam-1 
mutants, ACh- and nicotine-gated currents are reduced and ACR-16 receptors 
accumulate in MAs, presumably in subsynaptic pools. Interestingly, the 
intracellular domain of CAM-1 is not required for ACR-16-mediated current, 
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Summary
The adult nervous system is plastic allowing us to learn, remember and 
forget. Experience-dependent plasticity occurs at synapses -  the specialized 
points of contact between neurons where signaling occurs. However, the 
mechanisms that regulate the strength of synaptic signaling are not well 
understood. Here, we define a Wnt signaling pathway that modifies synaptic 
strength in the adult nervous system by regulating the translocation of one class 
of acetylcholine receptors (AChRs) to synapses. In C. elegans, we show that 
mutations in CWN-2 (Wnt ligand), LIN-17 (Frizzled), CAM-1 (Ror receptor 
tyrosine kinase), or the downstream effector DSH-1 (disheveled) result in similar 
subsynaptic accumulations of ACR-16/a7 AChRs, a consequent reduction in 
synaptic current, and predictable behavioral defects. Photoconversion 
experiments revealed defective translocation of ACR-16/a7 to synapses in Wnt 
signaling mutants. Using optogenetic nerve stimulation, we demonstrate activity- 
dependent synaptic plasticity and its dependence on ACR-16/a7 translocation 
mediated by Wnt signaling via LIN-17/CAM-1 heteromeric receptors.
Introduction
Central to information processing by neural networks is neurotransmitter- 
mediated communication between neurons at specialized points of contact called 
synapses. Here, neurotransmitter is released at the presynaptic membrane and 
binds to neurotransmitter receptors specifically localized in the postsynaptic 
membrane apposed to presynaptic release sites (Jin and Garner, 2008).
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Synapses are dynamic structures in the adult nervous system and individual 
synapses undergo activity-dependent plasticity that is believed to underlie 
learning and memory (Kessels and Malinow, 2009).
In part, synaptic plasticity depends on the insertion and removal of specific 
neurotransmitter receptors, thus strengthening or weakening the synapse. A 
common strategy for changing the number of membrane proteins is to shuttle 
proteins between intracellular pools and the cell surface (Kennedy and Ehlers, 
2011). This strategy is used for diverse homeostatic processes, including 
synaptic plasticity (Turrigiano, 2008), aquaporin-mediated fluid homeostasis 
(Brown et al., 2009), and insulin-induced translocation of glucose transporters 
(Watson and Pessin, 2007). Yet for all of these receptor pathways, we still have 
only a limited understanding of how trafficking from cytoplasmic compartments to 
the membrane is regulated. To gain a comprehensive mechanistic understanding 
of this process at synapses, we used a genetic approach in C. elegans to identify 
and study the signaling molecules that regulate neurotransmission at a model 
synapse.
The C. elegans neuromuscular junction (NMJ) has features usually 
associated with neuronal synapses, such as multiple classes of neurotransmitter 
receptors and excitatory cholinergic (ACh) and inhibitory GABAergic synaptic 
inputs. Synaptic release from cholinergic neurons depolarizes the postsynaptic 
membrane by activating two independent classes of AChRs that are defined by 
both pharmacological and genetic criteria. We previously found that CAM-1, a 
Ror-family receptor tyrosine kinase (RTK), is selectively required for signaling
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mediated by one of these receptor classes, ACR-16, which is the C. elegans 
homolog of the vertebrate a7 AChR (Francis et al., 2005). In cam-1 mutants, the 
decreased ACh-gated current appears to be secondary to reduced surface 
delivery of ACR-16/a7. We found that ACR-16/a7 localization and ACR-16/a7- 
mediated currents were rescued in transgenic cam-1 mutants that expressed a 
CAM-1 variant that included the extracellular and transmembrane domains, but 
lacked the intracellular kinase domain (Francis et al., 2005). These results 
suggested that CAM-1 might contribute to a cell-surface receptor that regulates 
the synaptic delivery of ACR-16/a7. Interestingly, the extracellular domain of 
CAM-1 contains a cysteine-rich (CR) domain predicted to bind to small, secreted 
glycoproteins called Wnts.
Receptor tyrosine kinases (RTKs), Wnts and Frizzled proteins (Wnt 
receptors) have diverse roles in the development of the nervous system, 
including cell migration, cell polarity and axon outgrowth (Budnik and Salinas, 
2011; Green et al., 2008; Kennerdell et al., 2009; van Amerongen and Nusse, 
2009). Furthermore, Wnts have conserved roles at developing synapses in flies, 
worms and vertebrates (Budnik and Salinas, 2011; Farias et al., 2010; Korkut 
and Budnik, 2009). For example, elegant genetic studies in Drosophila larva 
have demonstrated that Wnt signaling can modify the structure and function of 
developing glutamatergic synapses (Ataman et al., 2008; Korkut et al., 2009).
In mammals, Wnts interact with the muscle specific kinase (MuSK) at the 
NMJ to coordinate AChR aggregation and motor neuron growth cone targeting 
(Henriquez et al., 2008; Wu et al., 2010). At neuronal synapses, Wnt7a induces
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presynaptic clustering of a7 AChRs with adenomatous polyposis coli (APC) in rat 
hippocampal neurons, directs synapse formation in the mouse brain (Farias et 
al., 2007; Hall et al., 2000; Sahores et al., 2010), and regulates the number and 
strength of hippocampal synapses (Ciani et al., 2011). Application of exogenous 
Wnts has diverse effects on neuronal structure and synaptic communication, 
including pre- and post-synaptic differentiation, spine density, receptor 
endocytosis and recycling (Cuitino et al., 2010; Inestrosa and Arenas, 2010).
Despite our detailed knowledge of Wnt signaling during development, we 
know far less about Wnt regulation of synaptic signaling, and whether this 
regulation continues in the mature nervous system. To address these questions, 
we have taken advantage of the strengths of C. elegans for the study of synaptic 
signaling. The C. elegans genome is predicted to encode conserved members of 
the Wnt signaling pathway, and there are available mutants for the five Wnt 
ligands, four Fzd receptors, three Dvl proteins, one Ryk/derailed receptor, and 
one Ror RTK (www.wormbase.org).
In this study, we present evidence that Wnt signaling, mediated through a 
heteromeric Ror/Fzd receptor complex, has an ongoing and important role in 
shaping transmission at mature synapses in adult animals. We found that 
mutations in LIN-17 (Fzd), CWN-2 (Wnt), or DSH-1 (Dvl) phenocopied the 
movement, electrophysiological, and ACR-16/a7 localization defects observed in 
cam-1 mutants (Francis et al., 2005). Importantly, expression of LIN-17/Fzd 
driven by a heat shock promoter at the adult stage rescued the ACR-16/a7- 
dependent behavior of lin-17 mutants, indicating that Wnt signaling has a
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persistent role in synaptic transmission. Using a new paradigm for plasticity, we 
also found that optogenetic stimulation of motor neurons induced activity 
dependent changes in ACR-16/a7 localization and current, and that these 
changes were abolished in Wnt-signaling mutants. CWN-2 signaling by motor 
neurons was both necessary and sufficient for rescue of these activity-dependent 
changes in cwn-2 mutants. In confirmation of this model, we found that 
application of recombinant CWN-2 rapidly increased ACR-16/a7-mediated 
current. In summary, our studies have identified a Wnt signaling pathway that 
controls the translocation of ACR-16/a7 receptors to synapses, and has a critical 
role in modulating the strength of established synapses in the adult nervous 
system.
Results
Wnt signaling contributes to ACR-16/a7- 
mediated current and behavior
In C. elegans, two classes of acetylcholine-gated ion channels -  
levamisole sensitive (L-AChR) and nicotine sensitive (N-AChR) -  and one class 
of GABA-gated ion channels are expressed in muscle cells (Figure 2.1A) and are 
necessary for normal worm movement (de Bono and Maricq, 2005; Francis et al., 
2005). L-AChRs are ionotropic transmembrane proteins composed of various 
pentameric combinations of the AChR subunits UNC-38, UNC-63, LEV-1, LEV-8 
and UNC-29 (Boulin et al., 2008). In contrast, N-AChRs are homopentamers of 
the ACR-16 subunit, which is similar to the neuronal type a7 nicotinic AChR in
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vertebrates (Francis et al., 2005; Touroutine et al., 2005). The CAM-1/Ror RTK is 
also expressed in muscle cells (Francis et al., 2005), and in cam-1 mutants the 
ACh-gated currents mediated by ACR-16/a7 are reduced compared to those 
measured in wild-type muscle cells (Figure 2.1B and C). Additionally, in cam-1 
mutants ACR-16/a7 receptors abnormally accumulate in postsynaptic muscle 
arms -  projections that extend from muscles to neurons in the ventral nerve cord. 
However, ACh-gated currents mediated by L-AChRs and GABA-gated currents 
are not appreciably affected in cam-1 mutants (Francis et al., 2005).
The majority of ACh-gated current at the NMJ is dependent on ACR- 
16/a7; but surprisingly, acr-16 mutants do not have a discernible defect in 
locomotion when on standard assay plates (Francis et al., 2005; Touroutine et 
al., 2005). However, when we challenged acr-16 mutants with a more rigid 
substrate (see Experimental Procedures), we found that their movement was 
diminished compared to wild-type controls, and this defect could be rescued by 
muscle specific expression of ACR-16/a7 (Figure 2.S1A).
The reduced ACh-gated current in cam-1 mutants can be rescued by 
expressing a truncated variant of CAM-1 lacking the intracellular tyrosine kinase 
domain, CAM-1(ATKD), under control of the native cam-1 promoter (Francis et 
al., 2005). To further delimit the site of action, we found that muscle-specific 
expression of GFP tagged CAM-1(ATKD), but not neuronal expression, was 
sufficient to rescue ACR-16/a7-mediated currents (Figure 2.1B and C). These 
results suggest that changes in ACR-16/a7-mediated signaling might depend on 
interactions between the extracellular domain of CAM-1 and other signaling
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molecules at the muscle membrane. We tested this hypothesis by expressing a 
muscle-specific GFP-tagged variant of CAM-1 that lacked the extracellular 
domain, CAM-1(DECD)::GFP, and found that it was not sufficient to rescue ACh- 
gated current in cam-1 mutants (Figure 2.1B and C).
The dependence of CAM-1 function on the ECD, but not the TKD, led us 
to search for gene products that might interact with CAM-1 and contribute to the 
regulation of synaptic ACR-16/a7 receptors. In heterologous cells, Ror RTKs 
have been shown to bind frizzled (Fzd) receptors, which are seven-pass 
transmembrane proteins required for Wnt-mediated signaling (Oishi et al., 2003). 
Because the intracellular kinase domain of CAM-1 is not required for ACR-16/a7- 
mediated current, CAM-1 might function via a kinase-independent mechanism -  
possibly by interacting with a Fzd receptor (Francis et al., 2005; Zinovyeva et al., 
2008).
We took advantage of our earlier observation that unc-29; acr-16 double 
mutants have a synthetic, near-paralyzed phenotype (Francis et al., 2005), and 
reasoned that if Wnt-signaling was required for ACR-16/a7-mediated currents 
then mutations in genes predicted to contribute to Wnt-signaling should also 
have a synthetic phenotype with the unc-29 mutation (gene alleles described in 
Table 2.S, Molecular description of alleles). We therefore made double mutants 
with unc-29 and candidate Wnt-signaling mutants and tested these in a 
movement assay (thrashing in liquid). We found that mutations in a Wnt ligand 
(CWN-2), a Frizzled receptor (LIN-17), and an intracellular signaling molecule 
Dishevelled (DSH-1) all had synthetic movement defects similar to those
49
observed in unc-29; acr-16 and unc-29; cam-1 double mutants (Figure 2.1D); but 
the single mutants were not nearly as impaired (Figure 2.S1B). We also found 
that locomotion on agar plates was disrupted in unc-29; lin-17 double mutants 
and that this defect was rescued by muscle-specific expression of LIN-17 (Figure 
2.S1C). We did not observe comparable defects in the Frizzled mutants mig-1 
and cfz-2, the Wnt mutants cwn-1 and egl-20, or the Ryk/Derailed mutant lin-18 
(Figure 2.1D and data not shown). This indicates that only a subset of known 
Wnt-signaling proteins function in this synaptic signaling pathway.
We next asked whether the Wnt signaling pathway was dependent on 
CWN-2, or if other Wnt ligands could substitute for CWN-2. However, we found 
no evidence that thrashing behavior was rescued in transgenic unc-29; cwn-2 
mutants that expressed the Wnts EGL-20 or LIN-44 driven by the cwn-2 
promoter (Figure 2.S1D).
ACR-16/a7-mediated currents are selectively 
diminished in Wnt signaling mutants
To directly test whether Wnt signaling is required for normal synaptic 
function, we used standard electrophysiological techniques to record in vivo 
currents in muscle evoked by pressure application of ACh. We found that the 
magnitude of the ACh-gated current was significantly diminished for each of the 
Wnt-signaling mutants (Figure 2.1E and F). The reduced current appeared to be 
secondary to a selective decrease in the fast, ACR-16/a7-mediated component 
of the ACh-gated current, similar to what was observed for cam-1 and acr-16
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mutants. This was confirmed by the observed reduction in nicotine-gated 
currents in cwn-2 and lin-17 mutants (Figure 2.S2A). Furthermore, ACh-gated 
currents in lin-17; cam-1 double mutants were indistinguishable from either single 
mutant alone, suggesting that CAM-1 and LIN-17 function in the same signaling 
pathway (Figure 2.1E and F).
The slow component of the current is mediated by UNC-29-containing 
ionotropic receptors that are selectively activated by levamisole (Francis et al., 
2005; Richmond and Jorgensen, 1999). We therefore measured levamisole- 
gated currents in Wnt-signaling mutants to determine whether these mutations 
disrupt the UNC-29-mediated component of the ACh-gated current. We found 
that levamisole-gated currents in these mutants were indistinguishable from wild 
type (Figure 2.S2B), suggesting that Wnt-signaling is specifically required for 
ACR-16/a7-mediated current. As an additional control, we found that GABA- 
activated currents were normal in cwn-2 mutants (Figure 2.S3A). ACh-gated 
currents were not disrupted in cwn-1, lin-44 or egl-20 mutants, providing further 
evidence for specificity of CWN-2 signaling (Figure 2.S3B). Together, our results 
indicate that Wnt signaling is required for ACR-16/a7-mediated whole-cell 
currents.
Presynaptic release is not appreciably disrupted 
in Wnt signaling mutants
To further evaluate synaptic transmission, we measured endogenous 
cholinergic synaptic activity. We found a similar decrease in the average
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amplitude of the miniature excitatory postsynaptic current (mEPSC) for each of 
the Wnt signaling mutants (Figure 2.S3C). In contrast, we did not observe a 
significant change in mEPSC frequency (wild type, 25 ± 4/s; cam-1, 20 ± 7/s; 
cwn-2, 20 ± 5/s; lin-17, 23 ± 12/s; and dsh-1, 14 ± 8/s, p>0.05), indicating that 
endogenous presynaptic release was not obviously disrupted in the Wnt 
signaling mutants.
We also asked whether Wnt signaling contributed to nerve-evoked 
current. To measure these currents, we expressed the light-gated ion channel 
channelrhodopsin-2 (ChR2) in cholinergic motor neurons and used light to 
depolarize these motor neurons (Liewald et al., 2008; Liu et al., 2009). We found 
that light stimulation elicited reproducible nerve-evoked postsynaptic currents in 
both wild type and cwn-2 mutants (Figure 2.S2C). However, the peak amplitude 
of nerve-evoked current was significantly reduced in cwn-2 mutants while the 
steady state current, which reflects the contribution of levamisole receptors, was 
not significantly altered. These results are consistent with the decreased 
amplitude of mEPSCs (Figure 2.S3C) and the reduction in ACh-gated current 
(Figure 2.1E and F).
Neuronal Wnt acts through muscle expressed Fzd/Ror/Dvl to 
regulate ACR-16/a7-mediated behavior and current
The Wnt signaling proteins identified in our screen are expressed in 
muscles and neurons (Gleason et al., 2006) raising the question of whether 
these proteins are required in a specific tissue for ACR-16/a7-mediated behavior
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and current. To address this question, we first examined whether the cwn-2 
mutants could be rescued by selective expression of the wild-type protein in 
either muscles or neurons. To isolate the ACR-16/a7-mediated behavior and 
current, we measured thrashing behavior and recorded ACh-evoked currents in 
the unc-29 mutant background. Interestingly, we found that thrashing in cwn-2 
mutants was rescued by expressing wild-type CWN-2, a secreted protein, in 
neurons or muscles (Figure 2.2A).
Although this finding for sufficiency is consistent with CWN-2’s role as a 
secreted signaling molecule in other tissues (Kennerdell et al., 2009), we sought 
to address the question of necessity by using RNAi to selectively knock down 
expression of cwn-2 in muscles or neurons. Successful knock down was 
indicated by an RNAi-mediated decrease in secreted CWN-2::mCherry 
fluorescence (Figure 2.S3D). We found that knock down in neurons, but not in 
muscles, phenocopied both the synthetic thrashing and current defects observed 
in unc-29; cwn-2 mutants (Figure 2.2B-D).
We next asked whether DSH-1 and LIN-17 are required in muscles or 
neurons. We found that both thrashing and current defects of lin-17 and dsh-1 
mutants were rescued by selectively expressing wild-type transgenes in muscles. 
In contrast, we did not observe rescue with neuron-specific expression (Figure 
2.2E-J). These results are also consistent with our finding that CAM- 
1(ATKD)::GFP expression in muscle cells rescued current defects in the muscles 
of cam-1 mutants (Figure 2.1B and C).
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CAM-1 and LIN-17 function in the same pathway 
to regulate ACR-16/a7 at synapses
Our analysis of single mutants revealed that the behavioral and 
electrophysiological phenotypes of Wnt-signaling mutants were similar to those 
of cam-1 mutants. Additional genetic analysis revealed that ACh-gated currents 
recorded from lin-17; cam-1 double mutants were of similar magnitude and 
kinetics to those recorded from cam-1 and lin-17 single mutants (Figure 2.1E and 
F). These data suggested that the LIN-17 frizzled receptor and the CAM-1 RTK 
function in the same pathway. Because the extracellular domain (ECD) of CAM-1 
is required for its function at synapses, we speculated that CAM-1 and LIN-17 
might interact directly via the ECDs of each protein, possibly forming a 
heteromeric receptor. To further test this possibility, we examined the subcellular 
localization of LIN-17 and CAM-1. We found that these functional, fluorescently 
labeled proteins were expressed in muscle arms of transgenic worms and 
partially co-localized (Figure 2.3A) suggesting that LIN-17 and CAM-1 might 
associate in muscle arms.
To address this possibility, we tested bimolecular fluorescence 
complementation (BiFC) between LIN-17 and CAM-1 (Shyu et al., 2008). We 
used a split variant of the Venus Yellow Fluorescent Protein (YFP) and fused the 
N- and C-terminal fragments of Venus YFP to the intracellular regions of CAM-1 
(CAM-1::N-YFP) and LIN-17 (LIN-17::C-YFP), respectively. We observed distinct 
YFP puncta in the muscle arms abutting the ventral cord in transgenic worms 
that co-expressed the LIN-17::C-YFP and CAM-1::N-YFP fusion proteins (Figure
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2.3B). Transgenic worms that expressed either the N- or C-terminal YFP 
fragment alone exhibited no fluorescence, but we observed a punctate YFP 
signal in cross progeny that expressed both transgenes (Figure 2.S4A).
The CAM-1 ECD is predicted to be important for Wnt binding and perhaps 
for interactions between the receptor components (Green et al., 2007; Kim and 
Forrester, 2003). To determine whether the ECD was required for the interaction 
between CAM-1 and LIN-17, we generated a split-YFP-tagged CAM-1 variant 
that lacked the ECD (CAM-1(AECD)::N-YFP) and as a control a tagged variant 
that lacked the intracellular kinase domain (CAM-1(ATKD)::N-YFP). We found 
YFP puncta in transgenic worms that co-expressed CAM-1(ATKD)::N-YFP and 
LIN-17::C-YFP in muscles (Figure 2.3C), but no appreciable fluorescent signal in 
worms that co-expressed CAM-1(AECD)::N-YFP and LIN-17::C-YFP (Figure 
2.3D). These data suggest that the CAM-1 ECD is required for the association of 
LIN-17 with CAM-1, and that the fluorescent signal is not simply due to 
overexpression of the tagged proteins. Although the ECD was required for BiFC 
fluorescence, examination of GFP-labeled CAM-1(AECD) indicated that this 
domain was not essential for CAM-1 expression at the NMJ (Figure 2.3E).
Our finding that the CAM-1 ECD mediates its interaction with LIN-17 is 
consistent with our earlier finding that CAM-1(ATKD) rescues current when 
expressed in transgenic cam-1 mutants (Francis et al., 2005) (Figure 2.1B and 
C). Together, these results provide evidence for a mechanistic model in which 
CAM-1 and LIN-17 form a functional heteromeric receptor in muscle cells. This 
model is also consistent with our analysis of lin-17; cam-1 double mutants
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(Figure 2.1E and F), which showed that LIN-17 and CAM-1 function in the same 
signaling pathway to regulate ACR-16/a7-mediated current.
Postsynaptic ACR-16/a7 receptors are mislocalized 
in Wnt signaling mutants
ACR-16::GFP fluorescence is found at the tips of muscle arms apposed to 
presynaptic release sites in the cholinergic motor neurons traveling in the ventral 
cord (Figure 2.3F and G). In cam-1 mutants, we previously observed subsynaptic 
accumulations of ACR-16::GFP in muscle arms, but no change in the distribution 
of UNC-49::GFP GABA receptors or UNC-29::GFP L-AChRs (Francis et al., 
2005). We found that ACR-16::GFP was similarly mislocalized in other Wnt 
signaling mutants (Figure 2.3H). Whereas the distribution of ACR-16 was 
markedly altered in cwn-2 mutants, the distribution of the SYD-2 presynaptic 
protein did not appear appreciably altered (Figure 2.3G). Furthermore, we did not 
detect obvious changes with respect to the morphology of body wall muscles or 
the number of muscle arms (Figure 2.S4B).
For each Wnt signaling mutant, the average intensity of ACR-16::GFP was 
dramatically increased in the muscle arms (Figure 2.3I). The defects were 
rescued in lin-17 and dsh-1 mutants using a muscle specific promoter to express 
wild type LIN-17 and DSH-1, respectively (Figure 2.3J and K). No rescue was 
observed when using a neural specific promoter (Figure 2.S4C). In addition, 
receptor defects appeared specific to ACR-16::GFP, as we found no apparent
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change in the subcellular distribution of UNC-49::GFP or UNC-29::GFP in cwn-2 
mutants (Figure 2.S4D).
To determine the tissue from which CWN-2 is secreted in order to mediate 
ACR-16/a7 localization, we used RNAi to selectively knock down expression of 
cwn-2 in muscles or neurons. We found that knock down in neurons, but not in 
muscles, phenocopied the aberrant localization of ACR-16::GFP in cwn-2 
mutants (Figure 2.3L and M). Taken together, these results demonstrate the 
necessity of CWN-2 function in neurons, and LIN-17, CAM-1 and DSH-1 in 
muscles for localization of ACR-16 to the NMJ.
Wnt-signaling is required for surface expression and 
mobility of ACR-16/a7 at the NMJ
We hypothesized that the subsynaptic accumulation of ACR-16/a7 
receptors in Wnt signaling mutants might reflect a decrease in the number of 
surface receptors. To test this possibility, we labeled surface ACR-16/a7 
receptors by injecting fluorescently-labeled alpha-bungarotoxin (a-BgTx) into the 
pseudocoelomic space of transgenic wild-type and mutant worms that expressed 
soluble mCherry in muscle cells (Gottschalk et al., 2005; Zheng et al., 2004). In 
wild-type worms and Wnt signaling mutants, we observed fluorescence in muscle 
arms at the points of contact with the ventral cord following clearance of excess 
toxin by coelomocytes. This localization is consistent with a postsynaptic 
distribution of ACR-16/a7 receptors (Figure 2.4A). Because of the delay in 
clearing excess a-BgTx, a fraction of the fluorescence signal might also reflect
57
internalized receptors. However, the signal was decreased in cwn-2 and cam-1 
mutants compared to wild type suggesting that Wnt signaling promotes surface 
expression of ACR-16/a7 (Figure 2.4B). Importantly, the fluorescence signal in 
muscle arms was dependent on ACR-16/a7 since we did not measure 
appreciable a-BgTx fluorescence at muscle arms of acr-16 mutants (Figure 2.4A 
and B). We also observed fluorescence in unidentified processes that lacked 
muscle mCherry expression in all of the worm strains (Figure 2.4A), suggesting 
that a-BgTx binds to additional AChRs that are expressed in neurons. This 
binding was unrelated to Wnt signaling or ACR-16 and served as a useful control 
for a-BgTx labeling.
Our results suggest that the subsynaptic accumulation of ACR-16::GFP in 
Wnt-signaling mutants is secondary to reduced surface expression. The 
percentage reduction in surface expression was roughly equivalent to the 
percentage reduction in ACh- and nicotine-gated currents (Figure 2.1E and F; 
Figure 2.S2A) and provides a mechanistic explanation for the selective decrease 
in the fast component of ACh-gated current found in Wnt-signaling mutants.
Loss of Wnt-signaling results in decreased surface expression of ACR- 
16/a7 and its intracellular accumulation in muscle arms. Thus, we reasoned that 
Wnt-signaling might be required for delivery of ACR-16/a7 receptors from 
subsynaptic pools to the cell surface of the NMJ. We tested this hypothesis by 
using ACR-16/a7 fused to the photoconvertible fluorophore EosFP (ACR- 
16::EosFP) and performed optical pulse labeling experiments (Wiedenmann et 
al., 2004). The fluorescent signal at the distal tips of muscle arms was converted
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from green to red with a 405 nm laser (Figure 2.4C and D). We found that the red 
fluorescence decayed such that little signal remained in wild-type worms one 
hour after photoconversion (Figure 2.4D and E). In contrast, the decay was 
significantly slower in lin-17 mutants. We also attempted to photoconvert the 
"neck" of the muscle arm and track the movement into the synaptic region. These 
experiments were technically difficult; however in the few instances that we were 
successful, we found reduced mobility in lin-17 mutants (Figures 2.S5A). These 
results suggest that the turnover of the subsynaptic pool of ACR-16 is decreased 
in lin-17 mutants. In addition, the longer lifetime of converted EosFP also argues 
against a model in which the decreased level of staining by a-BgTx in cwn-2 and 
cam-1 mutants is due to endocytosis of ACR-16/a7 followed by its rapid 
degradation. Together, these experiments indicate that Wnt signaling is required 
for the translocation of ACR-16/a7 receptors from subsynaptic pools to the NMJ 
and that reduced Wnt signaling leads to a large immobile pool of subsynaptic 
ACR-16/a7.
ACR-16/a7 is required in the adult nervous system
AChRs are critically important for synaptic function; but do they also have 
essential developmental roles? It is possible that the synaptic defects observed 
in adult acr-16 mutants are secondary to developmental defects. For example, 
the molecular machinery required for postsynaptic function might not be properly 
assembled or stabilized in acr-16 mutants causing irreversible changes in 
synaptic communication. To test whether ACR-16/a7 has an obligate
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developmental role, we generated unc-29; acr-16 transgenic mutants that 
expressed ACR-16/a7 under an inducible heat-shock promoter (Phsp::acr-16). 
We heat shocked young adult transgenic worms and assayed behavior 
approximately 10 hours later. We found that the defective locomotion and 
thrashing that is characteristic of unc-29; acr-16 double mutants were rescued in 
heat shocked adult transgenic mutants (Figure 2.S5B). Furthermore, we found 
that heat shock rescued nicotine-gated currents (Figure 2.S5C and D). Thus, 
synaptic function and behavior mediated by ACR-16/a7 could be restored in 
adult unc-29; acr-16 mutants, indicating that ACR-16/a7 does not have an 
obligate developmental role.
Wnt signaling has an ongoing role in regulating ACR-16/a7- 
mediated behavior and synaptic plasticity
The Wnt signaling pathway is best known for its many developmental 
roles (van Amerongen and Nusse, 2009). To determine whether Wnt regulation 
of ACR-16/a7 at the NMJ is primarily developmental, we used a heat shock- 
inducible promoter to drive the expression of LIN-17 (Phsp::lin-17) in transgenic 
lin-17; unc-29 double mutants. We found that normal motor behavior was 
restored approximately 10 hours following heat shock, but not in mutants lacking 
the transgene (Figure 2.5A). However, the rescue did not persist and thrashing 
rates returned to approximately pre-heat-shock levels within 24 hours, 
suggesting that ongoing expression of LIN-17 in adult worms is required for Wnt 
signaling and ACR-16/a7 dependent behavior. In addition, we observed that
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ACR-16::GFP fluorescence intensity in muscle arms could be rescued as early 
as 2 hours after heat shock driven expression of LIN-17 in adult lin-17 mutants 
(Figure 2.5B and C). As we found for locomotion, the rescue was transient with 
ACR-16::GFP intensity increasing to mutant levels within 24 hours post heat 
shock. Together, our results suggest that Wnt signaling has an ongoing role in 
the maintenance of synaptic transmission in the adult nervous system.
An ongoing role for Wnt signaling suggests that ACR-16 translocation 
might be dynamically regulated in an experience dependent fashion. To address 
whether Wnt signaling contributes to experience-dependent plasticity, we 
expressed ChR2 in cholinergic motor neurons. We stimulated worms with light 
pulses to depolarize the motor neurons and measured ACR-16::GFP 
fluorescence in muscle arms. We found that 30 or 60 minutes of light stimulation 
reduced ACR-16::GFP fluorescence in wild-type worms, but not in control worms 
or in cwn-2 mutants (Figure 2.6A and B).
We next asked whether optogenetic stimulation altered ACh-gated current 
at the NMJ. We found that the ACR-16-mediated current, but not the UNC-29- 
dependent component, was increased in worms after one hour of light 
stimulation; however, no stimulation-dependent increase was observed in control 
worms (Figure 2.6C and D). The decreased fluorescent signal following 
stimulation suggests that ACR-16::GFP is more diffuse following translocation to 
the cell surface. Significantly, we did not observe a stimulation-induced 
augmentation of current in cwn-2 mutants. The changes were specific to ACh- 
gated currents since we did not observe activity-dependent changes in GABA-
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activated current (Figure 2.S6A). We also found that prolonged light stimulation 
increased the amplitude of both endogenous synaptic events (Figure 2.S6B) and 
nerve evoked currents (Figure 2.S6C) in wild-type worms. These activity 
dependent changes were dependent on neuronal expression of CWN-2. Thus, 
activity dependent changes were rescued in transgenic cwn-2 mutants that 
expressed neuronal, but not muscle, cwn-2 (Figure 2.6E and F). Furthermore, 
activity dependent changes were blocked by RNAi knock down of cwn-2 in 
neurons, but not by knock down in muscles (Figure 2.6G and H). In agreement 
with the requirement for cwn-2 signaling, we found that activity dependent 
changes were blocked in lin-17 mutants and could be rescued in transgenic lin- 
17 mutants with muscle-specific expression of a wild-type lin-17 transgene 
(Figure 2.S6D).
Wnt-mediated changes in ACR-16/a7 surface expression 
are independent of protein synthesis
Wnts can signal through multiple pathways, including the well- 
characterized canonical Wnt-signaling pathway, which depends on TCF/LEF 
transcription factors and new protein synthesis, and through non-canonical 
pathways (Korkut and Budnik, 2009; van Amerongen and Nusse, 2009). In C. 
elegans, pop-1 encodes the only known TCF/LEF homologue, and we did not 
observe altered ACR-16::GFP following knock down of pop-1 using RNAi (data 
not shown). To rigorously test the requirement for new protein synthesis in CWN- 
2 signaling, we adapted an existing protocol to block protein synthesis using the
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drug cycloheximide (CHX) (Kourtis and Tavernarakis, 2009). We found that CHX 
blocked new protein synthesis (Figure 2.S7A and B), but did not have significant 
effects on activity-dependent changes in ACR-16::GFP (Figure 2.7A and B).
The neuronal requirement for Wnt-mediated changes in ACR-16/a7 
translocation predicts that prolonged light-stimulation should be associated with 
neuronal release of CWN-2. To test this prediction, we co-expressed CWN- 
2::GFP and ChR2 in cholinergic motor neurons and used our light stimulation 
protocol to depolarize the motor neurons. We found that CWN-2::GFP 
fluorescence was decreased in motor neurons following light stimulation, but 
unchanged in control worms (Figure 2.7C and D). This result is consistent with 
activity-dependent secretion of CWN-2, but could also represent activity- 
dependent degradation of CWN-2. To distinguish between these possibilities, we 
evaluated changes in CWN-2 in the mig-14 mutant background. The secretion of 
all Wnts is believed to be dependent on the Wntless transmembrane protein 
(Port and Basler, 2010), which is encoded by mig-14 in C. elegans. We found 
that the activity-dependent decrease in CWN-2::GFP fluorescence was blocked 
in mig-14 mutants (Figure 2.7C and D). This result indicates that the decrease in 
CWN-2::GFP in light-stimulated motor neurons is a consequence of activity- 
dependent secretion of CWN-2. Moreover, we selectively knocked down 
expression of MIG-14 in muscles or neurons and found that MIG-14 is required in 
neurons for ACR-16::GFP localization (Figure 2.S7C).
Our data strongly suggest a model where neuronal activity leads to 
secretion of CWN-2, which then rapidly, and independently of new protein
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synthesis, increases ACh-gated current by mediating the translocation of 
additional ACR-16/a7 receptors to the muscle surface. To directly test this model, 
we produced recombinant CWN-2 by expressing cwn-2 in cultured mammalian 
HEK cells using a previously published protocol (Cuitino et al., 2010). We found 
that application of recombinant CWN-2 to our dissected neuromuscular 
preparation rapidly (within approximately 15 minutes) caused an increase in 
ACh-gated current (Figure 2.7E and F). This result clearly shows that there is no 
developmental requirement for CWN-2 with respect to ACR-16/a7 translocation 
and that CWN-2 alone is capable of triggering a rapid increase in the number of 
functional ACR-16/a7 receptors at the NMJ. Thus, we have found that the 
cholinergic synapse is plastic and responds by modifying surface ACR-16/a7 
receptors in response to prolonged stimulation of motor neurons. These plastic 
changes are dependent on activity-mediated and Wntless/MIG-14-dependent 
secretion of CWN-2 from neurons, heteromeric CAM-1/LIN-17 postsynaptic 
receptors in muscle cells and the critical downstream signaling protein 
Dishevelled/DSH-1.
Discussion
Neuronal signaling is shaped by the time-dependent sum of the excitatory 
and inhibitory synaptic inputs. In C. elegans, the same mechanisms can be found 
at the NMJ, an experimentally accessible synapse ideal for mechanistic studies 
of synaptic function. We found that in C. elegans, the N-AChR ACR-16/a7- 
mediated currents are selectively diminished in mutants with disrupted Wnt
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signaling. In Wnt mutants the neuromuscular architecture is grossly normal and 
synaptic functions mediated by both GABAergic inputs and postsynaptic L- 
AChRs are indistinguishable from those in wild type. The ACR-16/a7-mediated 
current shares a similar dependence on the CWN-2 Wnt ligand, the CAM-1/RTK 
and LIN-17/Frizzled membrane proteins, and the DSH-1/dishevelled downstream 
effector protein. These results suggest that CAM-1 and LIN-17 contribute to a 
heteromeric receptor for the CWN-2 ligand; a hypothesis supported by our 
studies using bifluorescence complementation to map LIN-17 and CAM-1 
proximity (Figure 2.3). Furthermore, CAM-1 and other Ror RTKs contain 
extracellular cysteine-rich domains that are also found in Frizzled proteins. In 
mammalian Ror RTKs, these domains bind Wnt5, the mammalian homologue of 
CWN-2 (Mikels and Nusse, 2006; Oishi et al., 2003).
In a recent study, CAM-1 appeared to associate with the Frizzled protein 
MIG-1 and bind to CWN-2 (Kennerdell et al., 2009). We found that a truncated 
variant of CAM-1 that lacks the cytoplasmic kinase domain restores ACR-16/a7- 
mediated current in transgenic cam-1 mutants. This result, together with the 
interaction between LIN-17 and CAM-1, indicates that CAM-1/RTK contributes to 
CWN-2/Wnt signaling, but that the intracellular signaling is mediated primarily by 
LIN-17 (and DSH-1/Dvl). Thus, CAM-1 might have a direct role in regulating 
CWN-2 binding, or an indirect role by localizing or stabilizing LIN-17. In contrast 
to previously described developmental roles for CAM-1 and Wnt signaling (Green 
et al., 2008; van Amerongen and Nusse, 2009), we show that this signaling
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pathway has an ongoing functional role in regulating the strength of synaptic 
transmission in adult worms.
The possible contributions of Wnt signaling to the function of the adult 
nervous system are difficult to study and are not well understood. We found that 
heat-shock promoter driven expression of LIN-17 in adult lin-17 transgenic 
mutants rescued ACR-16/a7-mediated behavior and ACR-16/a7 localization 
(Figure 2.5). The rescue of behavior and localization was transient, indicating 
rapid turnover of LIN-17 and ongoing dependence on this signaling pathway.
In support of our model that a heteromeric CAM-1/LIN-17 receptor 
mediates the surface expression of ACR-16/a7 in postsynaptic muscle, we found 
that CAM-1 and LIN-17 co-localize at the NMJ and that muscle-specific 
expression of CAM-1 and LIN-17 in transgenic mutants rescues ACR-16/a7- 
mediated current and behavior, whereas CWN-2 and MIG-14 are required in 
neurons. CWN-2 signaling rapidly causes translocation of ACR-16/a7 from 
subsynaptic pools to the cell surface, as evidenced by our finding of increased 
ACh-gated currents following application of recombinant CWN-2. Our data favor 
a model in which the levels of CWN-2 are limiting for receptor translocation and 
are controlled in part by neural activity. In support of this model, we found that 
neuronal CWN-2 levels are altered by optogenetic stimulation of the neurons, 
suggesting that CWN-2 secretion responds to neuronal activity. Less clear is 
whether LIN-17 and CAM-1 function as constitutive heteromers; whether CWN-2 
induces dimerization; or whether dimerization itself might be altered by synaptic
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activity. A dimerization model was proposed for CWN-2 regulation of axonal 
guidance (Kennerdell et al., 2009).
Heteromeric RTK/Frizzled complexes have been described for Wnt 
signaling during development (Lu et al., 2004; Minami et al., 2010). However, to 
our knowledge, a heteromeric CAM-1/LIN-17 receptor complex participating in 
Wnt-mediated signaling at adult synapses has not been previously described, 
and contrasts with the known signaling roles for CAM-1 and LIN-17. Presumably, 
the heteromeric complex provides additional signaling specificity, e.g., shunting 
signaling from the canonical pathway to an alternate pathway, such as the PCP 
pathway, to cause rapid changes in receptor translocation and synaptic 
transmission.
Dynamic translocation of receptors from subcellular pools to the surface 
membrane is an essential and conserved feature found in diverse signaling 
pathways. Yet we still lack a comprehensive understanding of how extracellular 
signals lead to precise translocation of receptors. Our data suggest that Wnt 
signaling regulates the translocation of subsynaptic ACR-16/a7 receptors to 
muscle arm synapses in C. elegans. Thus, in Wnt-signaling mutants ACR-16/a7 
receptors accumulate in subsynaptic pools and surface expression is reduced. 
Associated with decreased surface expression of ACR-16/a7 is a marked 
reduction in receptor mobility as defined by photoconversion experiments (Figure 
2.4). Interestingly, CWN-2/Wnt signaling does not appear to have an effect on 
GABARs, L-AChRs or the currents mediated by these receptors. Thus, we were
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able to cleanly dissect and distinguish the signaling pathway that contributes to 
ACR-16/a7 synaptic signaling from other developmental or regulatory pathways.
We also found that cholinergic synapses at the NMJ are plastic and their 
strength is modified by prolonged activity. Under our conditions of optogenetic 
stimulation, ACR-16/a7 puncta diminished in size and ACh-gated current was 
increased. These effects were not observed in cwn-2 mutants. Perhaps different 
environmental challenges, e.g., increased load or resistance, are associated with 
increased nervous system activity, which then leads to a Wnt-mediated 
recruitment of additional receptors. We envision a model where synaptic strength 
is dynamically modulated by translocation of receptors regulated by a Wnt 
signaling pathway. This mode of regulation might be evolutionarily conserved 
and could contribute to fundamental processes of synaptic plasticity and 
homeostasis in other organisms and for other classes of synaptic receptors.
Experimental procedures 
Strains, genetics, and germline transformation
All C. elegans strains were raised under standard conditions on the E. coli 
strain 0P50 at 20° C unless otherwise noted. Wild-type worms were the Bristol 
N2 strain. Mutant alleles used were cam-1(ak37), cwn-2(ok895), lin-17(n671), 
dsh-1(ok1445), acr-16(ok789), unc-29(x29), cwn-1(ok546), cfz-2(ok1201), egl- 
20(n585ts), lin-44(n1792), mig-1(e1787), mig-14(mu71), and lin-18(e620). 
Plasmids, transgenic arrays and strains are described in Supplemental
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Experimental Procedures. All fluorescently labeled proteins were found to be 
functional in transgenic rescue experiments of the respective mutant phenotype.
Behavioral analysis
Thrashing assays were performed as described previously (Francis et al., 
2005). All thrashing assays were done blind. For heat-shock rescue experiments, 
worms were kept at 30° C for 30 minutes. For movement on agarose, worms 
were mounted on 5% agarose pads with 1 ml of Polybead Microspheres 0.625% 
(w/v) in M9 solution and covered with a glass cover slip (Fang-Yen, et al., Worm 
Breeders Gazette, Vol. 18, 2010). Time-lapse images were acquired for 30 
seconds with a Hamamatsu CCD camera using a 10X 0.5 NA Zeiss objective 
mounted on an inverted Zeiss compound microscope. Images were acquired with 
Metamorph software and analyzed with ImageJ software. Statistical significance 
was determined using Student’s T-test.
Electrophysiological analysis
Ligand-gated currents were recorded from voltage-clamped muscle cells 
using patch-clamp technology as previously described (Francis et al., 2005). 
Drugs were applied for 250 ms using pressure application. All drugs were used at 
a concentration of 100 mM. Light-evoked currents were elicited from worms 
expressing ChR2 under the unc-17 promoter following a recently described 
protocol (Liu et al., 2009).
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Microscopy and labeling
For confocal fluorescence microscopy, worms were mounted on agarose 
pads and imaged as previously described (Francis et al., 2005). For ACR- 
16::GFP intensity analysis in muscle arms, image stacks were imported into 
ImageJ software for maximum projection analysis. A region of interest (ROI) was 
drawn around individual muscle arms along the ventral nerve cord in one-day old 
adult worms and the average intensity was calculated with correction for 
background fluorescence. There was no significant difference in the ROI area 
(pixels) for all genotypes. For CWN-2::GFP quantification, a ROI was drawn 
around each motor neuron cell body and the average intensity was calculated for 
light (+) retinal (-) after correcting for background fluorescence. This value was 
then used to normalize activity-dependent changes in GFP. Surface expression 
of ACR-16/a7 was assessed with a-bungarotoxin conjugated to Alexa Fluor 488 
(Molecular Probes). All analyses were done blind to genotype. Additional details 
about confocal microscopy and labeling are found in Supplemental Experimental 
Procedures.
EosFP photoconversion
Worms were immobilized on agarose pads (Fang-Yen, et al., Worm 
Breeders Gazette, Vol. 18, 2010) and single ACR-16::EosFP puncta at the tips of 
distinct muscle arms were converted using a single 3 seconds pulse of a 405 nm 
laser set to a total output of 35 mW applied to a Mosaic II digital mirror device 
(Photonics) controlled by Metamorph software. Confocal stack images were
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acquired before, immediately after, and at various time points after conversion as 
described above. The time-dependent photoconverted signal was expressed as 
a percentage of the signal immediately following photoconversion. For pulse- 
chase experiments, statistical significance was determined using a 2-way 
ANOVA test.
Synaptic plasticity
Transgenic worms expressed ChR2 under control of the unc-17 promoter, 
which drives expression in the cholinergic motor neurons. Worms were 
stimulated with 470 nm light delivered by a Lambda DG4 light source (Sutter). 
Light intensity at the surface of the NGM (nematode growth media) was 
approximately 240 ^W/mm2 and worms were stimulated at 3 Hz with 100 ms 
pulses of light for specified durations (Liu et al., 2009).
Recombinant CWN-2
We expressed cwn-2 in mammalian HEK cells as previously described 
(Cuitino et al., 2010). Briefly, HEK cells were stably transfected with 
Lipofectamine (Invitrogen) with either empty vector pcDNA or pcDNA encoding 
cwn-2 cDNA coupled to a hemagglutinin (HA) tag. HEK cell supernatant was 
then collected and concentrated using a Centrifugal Filter Device (Millipore; 30 
kDa), and diluted 1 to 50 in ECF (1 mM Ca2+). Secreted CWN-2 was detected by 
western blot using a HA-specific antibody.
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Figure 2.1. Wnt and CAM-1/Ror signaling proteins contribute to synaptic 
signaling.
(A) Schematic of the NMJ showing the three classes of ligand-gated receptors 
and deletion variants of the CAM-1/Ror RTK. The orange oblong represents 
the serine/threonine rich domain. (B) Currents recorded in muscle cells in 
response to pressure application of 100 uM ACh in wild-type worms, cam- 
1(ak37) mutants, and transgenic mutants that expressed either CAM- 
1(DECD)::GFP or CAM-1(ATKD)::GFP in muscles or neurons, respectively.
(C) Normalized peak ACh-gated current, n>4 for all genotypes. (D) Thrashing 
behavior of Wnt-signaling mutants in the unc-29(x29) mutant background. For 
all genotypes, n>10. (E) ACh-gated currents in the muscle cells of wild-type 
(WT) and mutant worms. (F) Peak ACh-gated current normalized to wild-type 
values. For all genotypes, n>5. *, p<0.05; **, p<0.01. Error bars indicate SEM. 
See also Figure 2.S1, 2.S2 and 2.S3.
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Figure 2.2. ACR-16/a7-dependent behavior requires neuronal CWN-2 and 
Fzd/Ror/Dvl in muscles.
(A) Thrashing behavior normalized to unc-29 single mutants. For all 
genotypes, n>7. (B) Thrashing behavior normalized to wild-type (WT) worms 
(left) or unc-29 mutants (right) in transgenic worms in which cwn-2 was 
knocked down [cwn-2(RNAi)] in either neurons or muscles. For WT 
background, n>5; and unc-29 mutant background, n>10. Gray bars indicate 
unc-29 mutant background. (C) ACh-gated currents in unc-29 mutants with or 
without cwn-2 knock down. (D) Peak ACh-gated current normalized to unc-29 
mutants. For all genotypes, n>4. (E and F) Thrashing behavior showing 
muscle specific rescue of lin-17 (E) and dsh-1 (F) mutants. For all genotypes, 
n>9. (G and I) Currents evoked in muscle cells by pressure application of 100 
mM ACh. (H and J) Average peak current amplitude of ACh-gated currents. 
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Figure 2.3. Muscle LIN-17/CAM-1 heteromeric receptors regulate ACR-16 
localization.
(A) Single plane confocal images showing expression of CAM-1::GFP and 
LIN-17::mCherry in the tips of muscle arms. Box indicates the region shown in 
the images on the right. Scale bars, 2 mm. (B-E) Images of the tips of muscle 
arms in transgenic worms that expressed split-YFP fused to LIN-17 and either 
full-length CAM-1 (B), one of two CAM-1 deletion variants (C and D), or CAM- 
1(DECD)::GFP (E). Scale bars, 1 mm. (F) Image of the ventral nerve cord in a 
transgenic worm that expressed ACR-16::GFP in muscle cells and 
ChR2::mCherry in motor neurons. Scale bar, 5 mm. (G) ACR-16::GFP and 
SYD-R::RFP expression in the muscle arm of a transgenic wild-type (WT) 
worm or cwn-2 mutant. Scale bar, 2 mm. (H) Images of muscle arms in 
transgenic wild-type and mutant worms that expressed ACR-16::GFP. The 
red, dashed lines outline the muscle arms. Scale bar, 1 mm. (I) Intensity of 
ACR-16::GFP fluorescence in muscle arms normalized to wild type. For all 
genotypes, n>8. (J) Images of ACR-16::GFP expression in muscle arms.
Scale bar, 1 mm. (K) Intensity of ACR-16::GFP fluorescence in muscle arms 
relative to wild-type. For all genotypes, n>11. (L) ACR-16::GFP expression in 
muscle arms of wild-type worms with or without cwn-2 knock down. Scale bar,
2 mm. (M) ACR-16::GFP fluorescence intensity in muscle arms relative to wild 
type, n>11. *, p<0.05; **, p<0.01. Error bars indicate SEM. See also Figure
2.S4.
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Figure 2.4. ACR-16::GFP is mislocalized and its mobility reduced in Wnt- 
signaling mutants.
(A) Images of the tips of muscle arms in transgenic wild-type (WT) and mutant 
worms injected with fluorescently labeled a-BgTx. These worms also 
expressed soluble mCherry in muscle cells to identify muscle arms. Scale bar,
1 mm. (B) Quantification of a-BgTx fluorescence. *, p<0.05; **, p<0.01. For all 
genotypes, n>12. (C) Images of muscle arms in a wild-type transgenic worm 
that expressed ACR-16::EosFP both before and after photoconversion from 
green to red. The white, dashed lines outline individual muscle arms. The 
circles show the converted EosFP puncta. Scale bar, 5 mm. (D) Loss of 
fluorescence observed with photoconversion-chase strategy. Shown are 
examples of the loss of ACR-16::EosFP fluorescence in muscle arms following 
photoconversion from green to red. Scale bar, 1 mm. (E) Quantification of 
EosFP after photoconversion in wild-type worms and lin-17 mutants (n>11). 
lin-17 mutants are significantly different from WT, p<0.001. Error bars 
represent SEM. See also Figure 2.S5.
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Figure 2.5. LIN-17 expression in adult mutants rescues ACR-16-mediated 
behavior and receptor localization.
(A) Thrashing behavior in unc-29 single mutants, lin-17; unc-29 double 
mutants and transgenic double mutants that expressed Phsp::lin-17. n>10 for 
each strain and condition. Shown is behavior 10 and 24 hrs following heat 
shock. (B) Images of ACR-16::GFP expression in the muscle arms of wild-type 
(WT) worms, lin-17 mutants and transgenic mutants following heat shock 
(HS). Scale bar, 1 mm. (C) Intensity of ACR-16::GFP fluorescence relative to 
wild-type worms. n>9 for each strain and condition. *, significantly different 
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Figure 2.6. Chronic stimulation of the NMJ modifies ACR-16 localization and 
ACh-gated current.
(A) ACR-16::GFP in muscle arms of transgenic wild type (WT) and cwn-2 
mutant worms that expressed ChR2 with or without light stimulation and in the 
presence or absence of retinal. Scale bar, 1 mm. (B) Quantification of GFP 
fluorescence in the worms shown in (A). Normalized to WT, retinal (-) (black 
bars) or cwn-2, retinal (-) (gray bars). For all strains and conditions, n>12. (C) 
ACh-gated currents in the muscle cells of light stimulated, transgenic worms 
that expressed ChR2 in motor neurons. (D) Peak ACh-gated current amplitude 
normalized to WT, retinal (-) (black bars) or cwn-2, retinal (-) (gray bars). For 
each genotype and condition, n>6. *, p<0.05. (E) ACR-16::GFP expression in 
muscle arms of cwn-2 mutants with or without a wild-type cwn-2 transgene 
expressed in muscles or neurons. Scale bar, 2 mm. (F) Quantification of ACR- 
16::GFP fluorescence normalized to transgene (-) controls. For all genotypes 
and conditions, n>18. (G) ACR-16::GFP fluorescence in muscle arms of light- 
stimulated, transgenic wild-type worms with cwn-2 knock down in either 
muscles or neurons. Scale bar, 1 mm. (H) Quantification of ACR-16::GFP 
fluorescence in muscle arms. For all genotypes and conditions, n>15. *, 




U S<£> 33 9L
+  I
o





F luorescence (norm alized) 
o o o M ai ^ o N) 
cn o  cn o  cnJ__ i__ i__ i__ i
o o o 
k> cn ^  o  ho 
cn o  cn o  cn 
J ______ I______ I______ I______ i
33
u . 2.. Peak curren t (norm alized)
CQ —j
=r w - L iv>

84
Figure 2.7. Translocation of ACR-16/a7 is independent of protein synthesis 
and rapidly induced by recombinant CWN-2.
(A) ACR-16::GFP expression in muscle arms of transgenic wild-type worms 
that expressed ChR2 in motor neurons. Scale bar, 2 mm. (B) Quantification of 
ACR-16::GFP fluorescence intensity normalized to retinal (-), light (-), CHX (-  
) control. For all conditions, n>9. (C) CWN-2::GFP expression in motor neuron 
cell bodies in transgenic wild-type (WT) and mig-14 mutant worms. Scale bars, 
4 mm. (D) Quantification of CWN-2::GFP fluorescence intensity normalized to 
either WT, retinal (-) (black bars) or mig-14, retinal (-) (gray bars). For all 
genotypes and conditions, n>16. (E) ACh-gated currents in cwn-2 mutants 
with or without the application of recombinant CWN-2. (F) Quantification of 
peak ACh-gated current normalized to cwn-2 control. For all conditions, n>4. 
*,p<0.05, **p<0.01. Error bars indicate SEM. See also Figure 2.S7.
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Figure 2.S1. Wnt-signaling mutants have a synthetic locomotory defect with 
unc29 mutants. Supplemental data associated with Figure 2.1.
(A) Superimposed time lapse images from wild-type worms, acr-16(ok789), 
transgenic acr-16(ok789) + Pmyo-3::acr-16::gfp, and cwn-2(ok895) mutants. 
Worms were mounted on 5% agarose pads with 1 ml of Polybead 
Microspheres 0.625% (w/v) in M9 buffer. (B) Thrashing behavior in single 
mutant worms. For all genotypes, n>10. *, p<0.05 (significantly different from 
unc-29); **, p<0.01. (C) Images of unc-29 single mutants, lin-17; unc-29 
double mutants, and lin-17; unc29 transgenic double mutants that expressed 
LIN-17 under the myo-3 muscle specific promoter. Images taken immediately 
and 25 s after the worms were placed on a lawn of bacteria on an agarose 
plate. (D) Thrashing behavior in unc29 single and double mutants, and 
transgenic double mutants that expressed either LIN-44 or EGL-20 under the 
regulation of the cwn-2 promoter. For all genotypes, n>10. *, p<0.05 






Figure 2.S2. Mutating Wnt-signaling molecules specifically disrupts the nicotine 
component of the ACh-gated current. Supplemental data associated with Figure 2.1. 
(A) Nicotine-gated currents in muscle cells of wild-type worms, and cwn-2 and lin-17 
mutants (left), and the average peak nicotine-gated current normalized to wild-type 
values (right). n35 for all genotypes. (B) Levamisole-gated currents in muscle cells of 
wild-type and mutant worms (left), and the average peak levamisole-gated current 
normalized to wild-type values (right). n33 for all genotypes. (C) Light evoked currents 
in muscle cells of wild-type and cwn-2 mutant worms (left), and the average light- 
evoked current normalized to wild-type values (right). n35 for both genotypes. *, 
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Figure 2.S3. Selective disruption of ACR-16-mediated current and cell 
specific knock down of CWN-2. Supplemental data associated with 
Figures 2.1 and 2.2.
(A) GABA-gated current in muscle cells of wild-type (WT) and cwn-2 mutants 
(left). Horizontal bar represents the application of 100 mM GABA. Average 
peak GABA-gated current (right). WT, cwn-2(ok895), n34. Error bars indicate 
SEM. (B) ACh-gated current in muscle cells of wild-type (WT) and cwn-1, lin- 
44 and egl-20 mutants (left). Average peak ACh-gated current (right). For all 
genotypes, n34. (C) Miniature excitatory postsynaptic current (mEPSC) in unc- 
29 single and double mutants (left). Average peak mEPSC amplitude (right). 
For all genotypes, (unc-29(x29), 11,471 events, n=10; unc-29(x29); cam- 
1(ak37), 2,861 events, n=7; unc-29(x29); cwn-2(ok895), 4,756 events, n=9; 
unc-29(x29); lin-17(n671), 1, 271 events, n=5; unc-29(x29); dsh-1(ok1445), 
1,167 events, n=6). *, p<0.05. Error bars represent SEM. (D) CWN-2::mCherry 
expression in coelomocytes in transgenic worms with or without cwn-2 knock 




Figure 2.S4. LIN-17/CAM-1 heteromers expressed in muscle arms. 
Supplemental data associated with Figure 2.3.
(A) Images of YFP expression in the tips of muscle arms in transgenic worms 
that carried either the Pmyo-3::cam-1(DTKD)::n-yfp transgene (left), the Pmyo- 
3::lin-17::c-yfp transgene (middle), or both transgenes (right). Worms that 
carried both transgenes were cross progeny of worms that carried only one of 
the two transgenes. Scale bar, 1 mm. (B) Top and lower left panels show 
images of either single (top) or multiple (lower left) muscle arms in transgenic 
wild-type (WT) and mutant worms that expressed soluble mCherry under 
control of the myo-3 muscle specific promoter. Scale bars, 1 mm (top); 2 mm 
(lower left). Quantification of muscle arm density (lower right panel). (C) ACR- 
16::GFP expression in muscle arms of wild type, lin-17(n671), and lin- 
17(n671) transgenic mutants that expressed a wild-type lin-17 transgene in 
neurons. Scale bars, 1 mm. Quantification of ACR-16::GFP fluorescence 
intensity relative to WT (n >10 for all genotypes. *, p<0.05). (D) UNC-29::GFP 
and UNC-49::GFP expression in muscle arms of transgenic wild type (WT) 




Figure 2.S5 ACR-16 mobility is decreased in lin-17 mutants; and ACR-16 
expression in adult mutants rescues behavior and current defects. 
Supplemental data associated with Figures 2.4 and 2.5.
(A) Images of ACR-16::EosFP before and at various time points after 
photoconversion from green to red (red signal shown) in wild type (left) and lin- 
17 mutants (right). Scale bars, 5 mm. (B) Thrashing behavior in unc-29 single 
mutants, unc-29; acr-16 double mutants and transgenic unc-29; acr-16 
mutants that express Phsp::acr-16. n310 for each strain and condition. **, 
p<0.01. (C) Nicotine-gated currents in muscle cells of unc-29 single mutants, 
unc-29; acr-16 double mutants and transgenic unc-29; acr-16 mutants that 
expressed Phsp::acr
16. (D) Average peak nicotine-gated currents from heat-shocked worms and 
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Figure 2.S6. Motor neuron activity requires muscle LIN-17 to selectively 
increase ACR-16-mediated currents. Supplemental data associated with 
Figure 2.6 .
(A) GABA-gated currents in transgenic wild-type worms that expressed ChR2 
in motor neurons after light stimulation (left). Quantification of peak GABA- 
gated current normalized to retinal (-) controls (right). For all conditions, n > 4.
(B) Miniature excitatory postsynaptic currents (mEPSC) in transgenic wild-type 
worms that expressed ChR2 in motor neurons after light stimulation (left). 
Quantification of peak mEPSC normalized to retinal (-) controls (right). For all 
conditions, n > 5. (C) Following prolonged ChR2 activity, nerve-evoked current 
is increased (left), n > 7. Average peak current normalized to light stim (-) 
control (right). (D) ACR-16::GFP expression in muscle arms of transgenic lin- 
17 mutants that expressed ChR2 in motor neurons with or without wild-type 
lin-17(+) transgene expression in muscle cells (left). Scale bar, 1 mm. 
Quantification of ACR-16::GFP fluorescence intensity in muscle arms 
normalized to retinal (-), lin17(+) transgene (-) control (right). For all 
genotypes and conditions, n > 19. *, p<0.05; **, p<0.01. Error bars represent 
SEM
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Figure 2.S7. CWN-2-mediated translocation of ACR-16 requires neuronal 
MIG-14 and is independent of new protein synthesis. Supplemental data 
associated with Figure 2.7.
(A and B) CWN-2::mCherry expression in either a motor neuron cell body (A) 
or coelomocyte (B) in transgenic worms with or without heat shock or 
treatment with cycloheximide (CHX). Scale bars, 1 mm (A); 2 mm (B). (C) 
ACR-16::GFP expression in a muscle arm of transgenic wild-type worms 
without (top) or with Wnt signaling regulates translocation of synaptic 
receptors mig-14(RNAi) knock down in muscles (middle) or neurons (bottom). 
Scale bar, 1 mm.
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Table 2.S Molecular description of alleles
Alleles Mutations References
AChR & GABAR
unc-29(x29) Y to ochre stop (449 (Fleming, 1997)
acr-16(ok789) 1082bp deletion (Francis, 2005)
Wnt
cwn-1(ok546) 785bp deletion (Zinovyeva, 2005)
cwn-2(ok895) 905bp deletion (Zinovyeva, 2005)
egl-20(n585) G295A (C99S) (Maloof, 1999)
Iin-44(n1792) W100 amber stop (Herman, 1994)
Frizzled
\in-17 (n671) Q499 ochre stop (Sawa, 1996)
mig-1 (e1787) Q281 ochre stop (Harris, 1996)
cfz-2(ok1201) 1174bp deletions (Zinovyeva, 2005)
Ryk
Iin-18(e620) Q105 amber stop (Inoue, 2004)
ROR RTK
cam-1 (ak37) 1885bp deletion (Francis, 2005)
Dishevelled
dsh-1(ok1445) 1132bp deletion (Klassen, 2007)
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DISCUSSION
The spatial regulation and restriction of synaptic a7 receptors is essential 
for neural transmission in brain. Indeed, deficiencies in synaptic a7 receptor 
levels are observed in several neuronal diseases and disorders, suggesting that 
the proper regulation of receptor levels at synapses is critical for neuronal 
function (Gotti et al., 2006). Therefore, explicating the cellular mechanism(s) that 
regulate a7 receptors at synapses will provide new insights into the 
pathophysiology of neuronal disorders associated with deficiencies in cholinergic 
neurotransmission.
Wnt signaling molecules are required for ACR-16- 
mediated behavior and current 
Our previous studies showed that current mediated by the a7-like ACR-16 
nAChR is dependent on the Ror RTK cam-1 (Francis et al., 2005). We predicted 
that cam-1 forms a co-receptor with an unidentified protein based on our 
observations that expression of CAM-1 AID rescues ACh-gated currents in cam-1 
mutants. The extracellular domain of CAM-1 contains a CRD, and vertebrate
Rors are known to associate with Wnts and frizzled receptors via their CRD. 
Because of these observations, we hypothesized that CAM-1 interacts with Wnts 
to regulate ACR-16 at the NMJ. To identify candidate Wnt signaling molecules, 
we conducted a candidate genetic screen to observe if genes in the Wnt 
signaling pathway(s) regulate ACR-16-mediated behavior.
Sinusoidal movement in worms is dependent on cholinergic 
neurotransmission. When worms are placed in liquid they exhibit a characteristic 
movement behavior known as thrashing (Francis et al., 2005). Thrashing 
behavior is quantified by counting the number of body bends made by worms in 
an arbitrary time period. If a gene is required for movement, we expect to 
observe a decrease in thrashing when that gene is mutated. As predicted, 
thrashing is decreased in null unc-29 mutants -  an essential subunit in the L- 
AChR -  when compared to wild type worms. unc-29; acr-16 double mutants have 
a severe reduction in thrashing due to the loss of all cholinergic current at the 
NMJ. As expected, we found that unc-29; cam-1 double mutants have the same 
thrashing defects -  i.e., phenocopies -  as unc-29; acr-16 mutants, indicating that 
cam-1 and acr-16 are in the same genetic pathway at the NMJ. Using this 
strategy, we conducted a candidate genetic screen (using mutations in Wnt 
genes) to identify Wnt mutants that exhibit a synthetic thrashing behavior when 
crossed into the unc-29 mutant background. We found that double mutants 
between cwn-2, lin-17 or dsh-1, and unc-29, phenocopies unc-29; cam-1 and 
unc-29; acr-16 double mutants. Interestingly, defects in thrashing were not 
caused by a general loss of Wnt signaling because mutants for both unc-29 and
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other Wnts (cwn-1/Wnt) or Fzd receptors (cfz-2/Fzd) did not phenocopy unc-29; 
acr-16 double mutants.
Our previous studies demonstrated that cam-1 is required for ACh-gated 
current at the NMJ (Francis et al., 2005). We reasoned that Wnt signaling 
mutants identified in the genetic screen would also have defects in ACh-gated 
current. Indeed, cwn-2, lin-17, and dsh-1 phenocopied the ACh-gated current 
defects found in cam-1 mutants. However, Lev-gated currents are unaffected in 
cam-1, cwn-2, lin-17, and dsh-1, suggesting that Wnt signaling is specifically 
required for ACR-16-meditated current at the NMJ. In concurrence with this 
model, nicotinic current is reduced in cam-1, cwn-2, and lin-17 mutants.
Expression of CAM-1 is required in muscle to rescue ACh-gated current in 
cam-1 mutants. We sought to ascertain in which tissues expression of CWN-2, 
LIN-17, and DSH-1 is required to rescue thrashing and ACh-gated current 
defects observed in their respective mutant backgrounds. Expression of LIN-17 
or DSH-1, driven by a muscle specific promoter, rescued the thrashing defects of 
unc-29; lin-17 and unc-29; dsh-1 respectively. Neural specific expression of LIN- 
17 or DSH-1 did not rescue thrashing in their respective mutant background, 
demonstrating that LIN-17 and DSH-1 act specifically in muscle to regulate ACR-
16 dependent behavior. Interestingly, expression of CWN-2 from either a neural 
or muscle specific promoter rescued the thrashing defects of unc-29; cwn-2 
mutants. This result is consistent with CWN-2’s role as a secreted molecule, as 
reported in previous studies showing that the overexpression of CWN-2, in
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various tissue types, is sufficient to rescue ganglion orientation defects in cwn-2 
mutants (Kennerdell et al., 2009).
To identify which tissues types expression of CWN-2 is necessary to 
regulate ACR-16-mediated behavior, we specifically knocked down expression of 
cwn-2, in either neurons or muscle, using a dsRNA technique. Knock down of 
cwn-2 expression in neurons, but not muscle, results in decreased thrashing 
movements in unc-29 mutant worms. Based on these results, we hypothesized 
that LIN-17 and DSH-1 are expressed in muscle and CWN-2 is secreted from 
neurons to regulate ACR-16-mediated behavior in worms.
To test our model, we recorded ACh-gated current in lin-17 and dsh-1 
worms expressing DSH-1 or LIN-17 in muscle. We found that expression of LIN- 
17 and DSH-1 in muscle was sufficient to rescue ACh-gated current in their 
respective mutant backgrounds. To address necessity of cwn-2, we recorded 
ACh-gated current in unc-29 worms expressing either neuronal or muscle 
specific cwn-2 dsRNA. We found that neuronal, but not muscle, CAM-1 AID 
expression of cwn-2 dsRNA decreased ACh-gated current. These results support 
a model where neural secreted CWN-2 activates LIN-17 and DSH-1 in muscle to 
regulate ACR-16-mediated current and behavior at the NMJ. The presence of the 
CRD in CAM-1 and LIN-17 brings forth a hypothesis that CAM-1 and LIN-17 form 
a co-receptor complex in muscle that binds CWN-2.
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CAM-1 and LIN-17 form a co-receptor complex 
To test if CAM-1 and LIN-17 form a co-receptor complex at the NMJ, we 
fused CAM-1 to GFP (CAM-1::GFP) and LIN-17 to the red fluorescent protein 
mCherry (LIN-17::mCherry), and expressed these proteins in muscle. We found 
that CAM-1::GFP and LIN-17::mCherry partially co-localize at the NMJ. Next, we 
sought to address whether CAM-1 and LIN-17 physically interact with one 
another using bifluorescence complementation (BiFC) (Hiatt et al., 2008). Using 
a split version of the yellow fluorescent protein Venus, we fused one half to CAM- 
1 (CAM-1::N-YFP) and the other half to LIN-17 (LIN-17::C-YFP). If CAM-1::N- 
YFP and LIN-17::C-YFP are within 100 A of one another, the split YFP 
fluorophore will reconstitute and fluorescence will be observed. As predicated, 
we saw YFP fluorescence at the NMJ in worms expressing both CAM-1::N-YFP 
and LIN-17::C-YFP. Interestingly, fluorescence was observed in worms 
expressing LIN-17::C-YFP and a truncated version of CAM-1 lacking the 
intracellular domain (CAM-1 ATK::N-YFP). We hypothesized that CAM-1 and LIN- 
17 interacted with one another via the CRD in each proteins extracellular region; 
therefore, we predict that fluorescence will not be observed in worms expressing 
LIN-17::C-YFP and a truncated version of CAM-1 lacking the extracellular 
domain (CAM-1 AECD). Indeed, fluorescence was not observed at the NMJ in 
worms expressing CAM-1 AECD::N-YFP and LIN-17::C-YFP. Interestingly, CAM- 
1AECD tagged to GFP was present at the NMJ, indicating that the absence of 
signal, at the NMJ, in worms expressing CAM-1AECD::N-YFP and LIN-17::C- 
YFP is not due to degradation or transport defects of CAM-1 AECD::N-YFP.
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Based on our results we hypothesize that CAM-1 and LIN-17 form a co-receptor 
complex at the NMJ that is dependent on the presence of the CRD in each 
protein.
Wnt signaling regulates ACR-16 receptor 
localization at the NMJ 
Our previous studies found that cam-1 is required for ACh-gated current 
and ACR-16 receptor localization at the NMJ. In cam-1 mutants, ACR-16 
receptors are mislocalized and accumulate in MAs. Based on our observations 
that lin-17, dsh-1, and cwn-2 are required for ACR-16-mediated behavior and 
current, we hypothesized that ACR-16 receptor localization in Wnt signaling 
mutants will phenocopy cam-1. We expressed ACR-16::GFP in muscle of cwn-2, 
lin-17, and dsh-1 mutants and found that ACR-16::GFP accumulates in MAs 
similar to the phenotype observed in cam-1 mutants. Also, in lin-17 and dsh-1 
mutants, ACR-16::GFP localization defects were rescued by expressing LIN-17 
or DSH-1 in muscle. Expressing LIN-17 in neurons did not rescue ACR-16::GFP 
localization in lin-17 mutants. Interestingly, dsRNA knock down of cwn-2 in 
neurons, but not muscle, resulted in ACR-16::GFP localization defects, further 
supporting our model that neural secreted CWN-2 signals through CAM-1/LIN- 
17/DSH-1 in muscle to regulate ACR-16.
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ACR-16 surface expression and mobility 
is dependent on Wnt signaling 
The increase in ACR-16::GFP appears contradictory to the decrease in 
ACh-gated current in Wnt signaling mutants. We hypothesized that the increase 
in ACR-16::GFP, observed in Wnt signaling mutants, was due to nonfunctional 
receptors accumulating at synapses or ACR-16::GFP was immobilized in 
intracellular pools below the surface of the synapse (subsynaptic). To test this 
model we used a-bungarotoxin (a-Btx) -  that specifically binds to a domain in the 
extracellular region of a7 subunits -  conjugated to a fluorescent dye to label 
surface-expressed ACR-16 receptors. If perturbations in Wnt signaling leads to 
an accumulation of nonfunctional ACR-16 receptors at synapses, we would 
expect augmented a-Btx staining at the NMJ in Wnt signaling mutants. However, 
if loss of Wnt signaling results in ACR-16 receptors agglomerating in subsynaptic 
pools, then we predict that a-Btx staining will be abated at the NMJ.
We injected a-Btx into the pseudocelomic space of wild type worms and 
imaged the region where the MA came in contact with the VNC (NMJ). Following 
removal of excess a-Btx by coelomocytes, we found that injected wild type 
worms had bright a-Btx staining at the distal tip of MAs and in unidentified nerve 
processes in the VNC. a-Btx staining in muscle is dependent on acr-16 because 
no a-Btx staining was observed at the NMJ in acr-16 mutants. Interestingly, a-Btx 
staining in cam-1 and cwn-2 mutants was decreased when compared to wild 
type, supporting the hypothesis that ACR-16 accumulates in subsynaptic pools 
when Wnt signaling is disrupted.
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Accruement of ACR-16::GFP in subsynaptic pools suggests that ACR-16 
receptor mobility is decreased in Wnt signaling mutants. To test this hypothesis, 
we tagged ACR-16 to the photoconvertible fluorophore EosFP. Excitation of 
EosFP with 506 nm light causes the fluorophore to emit photons in the green 
spectrum (peak emission at 516 nm). EosFP emission is converted to the red 
spectrum (peak emission at 581 nm) by irradiating EosFP with ultraviolet light 
(UV, 400 nm) and then exciting with 571 nm light (Wiedenmann et al., 2004). 
Using a digital micromirror device, UV can be focused onto a individual ACR- 
16::EosFP puncta, allowing for a single subsynatpic pool of ACR-16::EosFP to 
be converted in MAs. We converted single ACR-16::EosFP from green to red at 
the tips of MAs, and tracked dispersion of red ACR-16::EosFP puncta for one 
hour. We found that ACR-16::EosFP fluorescence intensity steadily declined to 
approximately 30% after one hour in wild type worms. In contrast, the decrease 
in ACR-16::EosFP fluorescence was appreciably slower in lin-17 mutants. This 
data supports a model where Wnt signaling mobilizes ACR-16 receptors from 
subsynaptic pools, leading to translocation of ACR-16 to synapses.
ACR-16 is required for synaptic function at adult synapses 
We hypothesize that ACR-16’s role at the NMJ is to regulate the strength 
of BWM contraction in a given environment. However, acr-16 may be required for 
synaptic formation and development. To test these hypotheses, we drove 
expression of acr-16 using a heat-shock inducible promoter (HSP) in adult 
transgenic worms. Under normal growth conditions the HSP is quiescent;
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however, when transgenic worms are exposed to temperatures of 30° C or more, 
the HSP becomes active and drives expression of a particular gene of interest in 
many tissue types -  including neurons and muscle. We generated transgenic 
unc-29; acr-16 mutant worms expressing acr-16 driven by HSP (HSP::ACR-16). 
Interestingly, we found that heat shock of adult unc-29; acr-16 transgenic worms 
expressing HSP::ACR-16, rescued the thrashing defects characteristic of unc-29; 
acr-16 mutants. Heat shock did not increase the thrashing rate of unc-29; acr-16 
mutant controls. We then tested whether heat shock rescued nicotinic current in 
adult unc-29; acr-16 mutants. Indeed, we observed large nicotinic currents at the 
NMJ in heat-shocked unc-29; acr-16 worms expressing HSP::ACR-16. We did 
not observe nicotinic current in heat-shocked unc-29; acr-16 controls. Thus, it is 
unlikely that acr-16 is required for synaptic development, but instead is 
necessary for synaptic function in adult animals.
Wnts regulate ACR-16 receptor localization at adult synapses 
We have found that Wnt signaling regulates surface expression of ACR-16 
by mobilizing receptors from subsynaptic pools resulting in translocation to 
synapses. Interestingly, ACR-16 is not required for neuronal development and 
has an ongoing role in synaptic function in adult animals. We hypothesize that 
Wnt signaling has an ongoing role in regulating ACR-16 receptor levels at 
synapses in adult animals. To test this hypothesis, we used HSP::LIN-17 to 
observe if HS could rescue ACR-16-mediated behavior and localization in lin-17 
mutants.
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unc-29; lin-17 mutants have severe defects in thrashing due to diminished 
ACh-gated current, which is secondary to localization defects of ACR-16::GFP.
To observe whether Wnt signaling regulates ACR-16-mediated behavior in 
adults, we heat shocked unc-29; lin-17 mutants expressing HSP::LIN-17 and 
observed thrashing. We found that heat-shock-induced expression of HSP::LIN-
17 rescued thrashing in unc-29; lin-17 mutants. Importantly, heat shock did not 
rescue unc-29; lin-17 mutant controls. Next, we observed if Wnt signaling 
regulates ACR-16::GFP localization at adult synapses. We heat shocked adult 
lin-17 mutants expressing ACR-16::GFP and HSP::LIN-17. We found that two 
hours after heat shock, ACR-16::GFP localization was rescued when compared 
to lin-17 mutant controls. Interestingly, heat shock rescue of lin-17 mutants did 
not perdure, as ACR-16::GFP localization was indistinguishable between heat- 
shocked lin-17 worms expressing HSP::LIN-17 and lin-17 mutant controls after 
24 hrs. Therefore, our data shows that Wnt signaling has an ongoing role in 
regulating ACR-16-mediated behavior and localization at adult synapses.
Plasticity at the NMJ is dependent on Wnt signaling 
Based on our observations that Wnts continually regulate ACR-16 
receptors at synapses, we predicted that increased synaptic activity would alter 
ACR-16 receptor levels in a Wnt-dependent manner. To test this hypothesis, we 
expressed channelrhodopsin-2 (ChR2) in the cholinergic nervous system of the 
worm. ChR2 is a light (photon)-gated nonspecific cation channel from the green 
alga Chlamydomonas reinhardtii (Liewald et al., 2008). In the presence of all-
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trans retinal, stimulation with 470 nm light induces a cationic current in ChR2- 
expressing cells. Light can then be used to depolarize and activate specific 
neurons expressing ChR2. We expressed ChR2 in cholinergic neurons, and 
observed ACR-16::GFP expression patterns in worms stimulated with light at 3 
hertz (Hz) for one hour. Surprisingly, we found that ACR-16::GFP puncta 
intensity was reduced in worms stimulated with light. We hypothesize that the 
decrease in puncta intensity is due to increased mobilization, dispersal and 
translocation of receptors after stimulation with light. To test this hypothesis, we 
observed whether light stimulation altered ACh-gated current at the NMJ. In 
support of our hypothesis, we found that light stimulation augmented ACh-gated, 
but not GABA-gated, current at the NMJ. Thus, increased neural activity leads to 
plastic changes in ACR-16::GFP and ACh-gated current.
If Wnt signaling regulates mobility of ACR-16 receptors, then plasticity at 
the NMJ should be abrogated in Wnt signaling mutants. To test this hypothesis, 
we stimulated cwn-2 mutants -  expressing ChR2 and ACR-16::GFP -  with light, 
and observed ACh-gated current and ACR-16::GFP localization. Surprisingly, we 
found that light induced plastic changes of ACR-16 were abolished in cwn-2 
mutants. From our previous studies, we found that neural expressed CWN-2 is 
required for ACR-16 receptor localization. Is expression of CWN-2 from neurons, 
muscle, or both, required for plastic changes of ACR-16? To address this 
question, we used light to stimulate cwn-2 mutants, expressing neural or muscle 
derived CWN-,2 and observed if changes occurred in ACR-16::GFP. Consistent 
with our previous behavioral studies, we found that both neural and muscle
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expressed CWN-2 rescued the ACR-16::GFP localization defects found in cwn-2 
mutants. However, only neural-derived CWN-2 altered ACR-16::GFP puncta 
intensity in response to light when compared to nonstimulated controls. To test 
whether neural-derived CWN-2 is necessary for plastic changes of ACR-16, we 
expressed cwn-2 dsRNA in neurons or muscle and observed if light stimulation 
altered ACR-16::GFP puncta in MAs. Interestingly, we found that only neural 
expressed cwn-2 dsRNA prevented plasticity. These data sets support our model 
that Wnt signaling is required for activity-dependent plastic changes of ACR-16 
receptors at synapses.
Wnts regulate ACR-16 receptor translocation to the NMJ 
We hypothesize that neural-secreted CWN-2 binds to and activates the 
CAM-1/LIN-17/DSH-1 signaling pathway, resulting in rapid translocation of ACR- 
16 from subsynaptic pools to synapses. If this hypothesis is correct then plasticity 
should be independent of protein translation, i.e., canonical Wnt signaling does 
not regulate receptor translocation, and application of recombinant CWN-2 onto 
muscle cells should result in rapid augmentation of ACh-gated current. To 
observe if plasticity is dependent on protein translation, we stimulated worms 
expressing ChR2 and ACR-16::GFP with light in the presence of cycloheximide 
(CHX) -  a potent inhibitor of protein translation. To test the efficacy of CHX on 
inhibition of translation, we generated transgenic strains that expressed 
HSP::CWN-2::mCherry. Following heat shock, we observed bright CWN- 
2::mCherry fluorescence in neurons, muscle and coelomocytes. As predicted,
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CWN-2::mCherry fluorescence was severely reduced when treated with CHX 
following heat shock.
We stimulated ACR-16::GFP worms with light in the presence or absence 
of CHX. Interestingly, ACR-16::GFP intensity in worms treated with CHX was 
indiscernible from that in control worms, suggesting that protein translation is not 
required for plasticity at the NMJ. Next, we tested whether recombinant CWN-2 
was capable of augmenting ACh-gated current in muscle. We transfected human 
embryonic kidney-293 (HEK293) cells with cwn-2 cDNA inserted into a 
mammalian expression vector to induce expression and secretion of CWN-2. We 
collected recombinant CWN-2 from the extracellular milieu and then 
concentrated and exchanged CWN-2 into an extracellular fluid appropriate for 
worm electrophysiological experiments. We then incubated dissected cwn-2 
mutant worms with recombinant CWN-2 and a control solution. Thirty minutes 
after incubation with CWN-2, we observed an augmentation in ACh-gated current 
in muscle. We did not observe any change in current in worms incubated with a 
control solution. The results of these experiments support the hypothesis that 
secreted CWN-2 activates CAM-1/LIN-17/DSH-1 noncanonical signaling to 
rapidly mobilize and translocate ACR-16 receptors from subsynaptic pools to 
synapses.
We have found a novel noncanonical Wnt signaling pathway that 
regulates translocation of ACR-16 receptors to synapses (Jensen et al., 2012) 
(Figure 3.1). In the absence of Wnt signaling, ACh-gated current is diminished 
and ACR-16 receptors are immobilized in subsynaptic pools. Interestingly, Wnt
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signaling is not required for synaptogenesis of the NMJ, and has on ongoing role 
in regulating receptor levels at adult synapses. Surprisingly, increased neural 
activity engenders plastic changes of ACR-16 receptor levels that are dependent 
on Wnt signaling. Finally, augmentation of ACR-16 receptors is independent of 
protein translation, suggesting noncanonical Wnt signaling regulates plasticity at 
the NMJ. Despite our advances in elucidating the cellular mechanisms that 
regulate translocation of ACR-16 to synapses, we still have a limited 
understanding about the identity of the subsynaptic membrane pools that ACR- 
16 resides in, the cellular mechanisms that controls mobilization of ACR-16, how 
ACR-16 is transported to and from its target destination, the cellular machinery 
that governs ACR-16 exocytosis to synapses, and what DSH-1 regulates to 
control this process.
Subsynaptic localization and receptor recycling of ACR-16 
Increased synaptic activity results in dynamic changes in receptor levels 
by altering the balance of delivery and removal of receptors from synapses 
(exocytosis/endocytosis). Much of what we know about this process comes from 
studies done on a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
(AMPAR, a glutamate receptor subclass) recycling at synapses (Kennedy and 
Ehlers, 2011; Yap and Winckler, 2012). AMPARs are synthesized in the 
endoplasmic reticulum where they are typically transported to the Golgi 
apparatus. From the Golgi, AMPARs are trafficked to postsynaptic sites where 
they are exocytosed at synapses. Once at synapses, AMPARs undergo dynamic
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recycling in response to synaptic activity. In LTP models, AMPAR exocytosis is 
enhanced, whereas endocytosis of AMPAR is increased in LTD. Recycling 
occurs when AMPARs are endocytosed and targeted to recycling endosomes 
(RE). Once at REs, receptors are either recycled back to synapses or targeted to 
late endosomes where they are eventually degraded (Kennedy and Ehlers, 2011; 
Yap and Winckler, 2012). Proper targeting of membrane cargos in the RE 
pathway is dependent on several member of the Rab family of small GTPases 
(Yap and Winckler, 2012). Interestingly, Wnt signaling is known to interact with 
small GTPases to coordinate a number of cellular processes. Are ACR-16 
receptors recycled and stored at the NMJ in endosomal membranes?
In Wnt signaling mutants, mobility of ACR-16 is decreased leading to 
accumulation of receptors in subsynaptic pools (Francis et al., 2005; Jensen et 
al., 2012). Does Wnt signaling regulate recycling of ACR-16 receptors to REs? 
What are the membrane compartment(s) in which ACR-16 receptors accrue 
when Wnt signaling is perturbed? Elucidating the cellular mechanisms that 
regulate recycling of ACR-16 receptors will give insight into the cellular 
processes that Wnts utilize to alter ACR-16 surface expression in response to 
synaptic activity.
SNAREs mediate synaptic receptor exocytosis and plasticity 
SNAREs are the core protein machinery -  composed of the syntaxin, 
SNAP-23/25, and synatobrevin protein families -  that facilitate fusion of 
intracellular vesicles with their target membrane (Jahn and Scheller, 2006;
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Martens and McMahon, 2008; Risselada and Grubmuller, 2012). SNARE 
proteins have well defined roles in mediating exocytosis of neurotransmitter from 
presynaptic neurons; however, the role that SNAREs have in regulating 
exocytosis in postsynaptic cells is less understood. Increased synaptic activity 
augments AMPAR levels in postsynaptic dendrites, presumably from trafficking 
of AMPARs to synapses from subsynaptic compartments (Kennedy and Ehlers, 
2011; Yap and Winckler, 2012). The identity of these compartments remained 
unknown until recent studies showed that AMPARs resided in dendritic REs. 
Following synaptic stimulation, subsynaptic REs fused with the plasma 
membrane of dendrites resulting in augmented levels of AMPARs at synapses 
(Kennedy et al., 2010). Intriguingly, exocytosis of AMPARs to synapses is 
attenuated when expression of the plasma membrane syntaxin-4 (Syx-4) is 
reduced. Also, activity dependent exocytosis of AMPARs to synapses is inhibited 
when Syx-4 expression is eliminated. Syx-4 localizes to exocytic zones, and 
marks the site on dendrites where AMPARs are exocytosed to synaptic 
membranes. Unlike the presynaptic syntaxin-1, Syx-4 associates with actin, 
suggesting that Syx-4 is part of a large complex at the postsynaptic density that 
regulates AMPAR exocytosis in response to various levels of synaptic activity 
(Kennedy et al., 2010).
We have found that Wnts regulate surface expression of a7-like ACR-16 
receptors at adult synapses in worms. We hypothesize that Wnts promote 
translocation of ACR-16 receptors to synapses in response to increased levels of 
synaptic activity. Are SNARE complexes required in muscle to mediate ACR-16
120
receptor exocytosis? Do Wnts control SNARE function, or do SNAREs act 
independent of Wnts to mediate receptor exocytosis? We predict that C. elegans 
is the best-suited organism to elucidate the signaling mechanisms that regulate 
receptor exocytosis in adult synapses. We are currently assessing the role, if 
any, that SNAREs have in facilitating receptor exocytosis in response to changes 
in synaptic activity. Because many of the signaling mechanisms that regulate 
synaptic function are conserved from invertebrates to vertebrates, we 
hypothesize that our results will have direct relevance to ongoing studies in the 
vertebrate nervous system, and will ultimately lead to new therapeutic modalities 
for neuronal disorders associated with defects in cholinergic neurotransmission.
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Figure 3.1. Wnt signaling promotes ACR-16 translocation to synapses. 
Cartoon schematic of the Wnt signaling pathway at the NMJ. We hypothesize 
that secreted CWN-2 binds to the CAM-1/LIN-17 co-receptor complex, which 
activates DSH-1 to promote ACR-16 receptor translocation to synapses.
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Figure 3.2. Model of ACR-16 receptor recycling at the NMJ. Cartoon 
schematic of a hypothetical Wnt signaling pathway that regulates ACR-16 
receptor recycling in MAs. We hypothesize that Wnts signaling dynamically 
regulates ACrR-16 receptor levels at synapses by mobilizing ACR-16 
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